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Modélisation moléculaire

� Calcul de l’énergie ou des forces d’interactions entre particules

Le modèle
I Niveau de description
I Choix des interactions entre

particules
I Paramètres d’interactions

L’échantillonage des
configurations (petit système)

I Visiter plusieurs configurations
pour pouvoir faire une bonne
statistique

⇔ Champ de force ⇔ Dynamique moléculaire,
Monte Carlo



Interactions moléculaires
Niveau de description et champ de force

Atomique (AA)

Atomes unifiés (UA)

Gros grain (CG)

Udr(rij) = 4ε

( σ

rij

)12

−
(
σ

rij

)6


Uelec(rij) = qiqj
4πε0rij

Ul(rij) = kb
2 (rij − r0)2

Up(θijk) = kθ
2 (θijk − θ0)2

Ud(χijkl) =
8∑
i=0

ai cosi(χijkl)



Dynamique moléculaire

� Boîte de simulation
périodique (CIM)
dans le vide

� Loi de Newton

d2~ri
dt2 =

~Fi
mi

~Fi = −∇i U(~ri)



Dynamique moléculaire

� Méthode des différences finies

Trajectoire

� Algorithme de Verlet vitesse :

~ri(t+ δt) = ~ri(t) + δt~vi(t) + δt2

2 mi

~Fi(t)

~vi(t+ δt) = ~vi(t) + δt

2 mi

[
~Fi(t) + ~Fi(t+ δt)

]



Monte Carlo

Ensemble canonique {N,V, T}

� Distribution à l’équilibre

ρ(i) = ni
N

= e−Ei/kBT∑
e−Ei/kBT



Monte Carlo

� Mouvements Monte Carlo

i j k 

� Micro réversibilité

ρ(i)π(i→ j) = ρ(j)π(j → i)

� Condition d’équilibre

ρ(i) =
∑
j

ρ(j)π(j → i)

� Probabilité d’accepter
(Métropolis, sans biais)

Pacc(i→ j) = min
[
1, exp

(
−Ej − Ei

kBT

)]



Dynamique moléculaire versus Monte Carlo

� Dynamique moléculaire

Mouvements physiques, guidés
par le champ local
Propriétés dynamiques (viscosité,
diffusion, conductivité thermique)
Processus coopératifs
Codes hautement parallélisables

� Monte Carlo

Propriétés thermodynamiques
Meilleure définition de l’ensemble
statistique
Ensembles ouverts
Processus activés (mouvements
non physiques)
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Théorie de couplage de modes
Diffusion et Tc

� Théorie MCM

D ∝ (T − Tc)γ

Dynamique moléculaire
Mélange Lennard-Jones
Cristallisation interdite

Loi de puissance vérifiée
Tc indépendant du constituant
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FIG. 2. Mean squared displacement versus time for A par-
ticles for all temperatures investigated.

B particles is very similar. The curves to the left corre-
spond to high temperatures and those to the right to low
temperatures. We recognize that for short times all the
curves show a power-law behavior with an exponent of 2.
Thus this is the ballistic motion of the particles. At high
temperatures this ballistic motion goes over immediately
into a difFusive behavior (power law with exponent 1).
For low temperatures these two regimes are separated by
a time regime where the motion of the particles seems to
be almost frozen in that the MSD is almost constant and
thus shows a plateau. At the lowest temperature this
regime extends from about 1 time unit to about 10 time
units. Only for much longer time (note the logarithmic
time scale) do the curves show a power law again, this
time with unit slope indicating again that the particles
have a difFusive behavior on this time scale. The fact that
the length of our simulation is long enough in order to
see this dift'usive behavior even at the lowest temperature
is a further indication that we are able to equilibrate the
system at all temperatures. The reader should note that
for the discussion of these diferent time regimes it is most
helpful to plot the curves of the MSD with a logarithmic
time axis. Only in this way is it possible to recognize
that the dynamics of the system is very difFerent on the
various time scales.
Note that the value of the MSD in the vicinity of the

plateau is about 0.04, thus corresponding to a distance of
about 0.2. We therefore recognize that on this time scale
the tagged particle has moved only over a distance that
is significantly shorter than the next nearest neighbor
distance (which is close to 1, see below). Thus it is still
trapped in the cage of particles that surrounded it at
time zero, and it takes the particle a long time to get
out of this cage. The initial stage of this slow breakup of
the cage is exactly the type of process MCT predicts to
happen during the P relaxation. (We will later elaborate
more on this point in the discussion of the self part of
the van Hove correlation function. ) Thus we can identify
the time range where we observe the plateau in the MSD
with the P-relaxation regime of MCT.
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FIG. 3. DiKusion constant D for A and B particles (lower
and upper curve, respectively) versus T —T, . The critical
temperature T, is 0.435. Also shown are the power-law fits
with exponents 2.0 and 1.7 for the A. and B particles, respec-
tively. The dashed lines are the best 6ts with a Vogel-Fulcher
law.

From the MSD it is now easy to compute the self dif-
fusion constant D(T) of the particles. (Using a plot such
as Fig. 2, a straight line, with unit slope, fitted to the
long time behavior of the data intersects a vertical line at
logio t = 0 at a height of logio 6D.) Since MCT predicts
that dift'usion constants should have a power-law depen-
dence on temperature at low temperatures [see Eq. (4)],
we tried to make a three parameter fit with such a func-
tional form. In Fig. 3 we show the result of this fit by
plotting D versus T—T, in a double logarithmic way. We
clearly observe that, in accordance with MCT, for tem-
peratures T & 1.0 the diffusion constants follow a power-
law behavior. The value of T is 0.435, independent of
the type of particle. This independence of T of the type
of particles is in accordance with the prediction of MCT.
From the value of T we now can compute the small pa-
rameter of the theory, i.e., e = ~T—T,~/T, At th.e lowest
temperature e is 0.07 and thus quite small and therefore
it is not unreasonable to assume that we are already in
the temperature range where the asymptotic results of
the theory hold. At T = 1.0 the value of e is 1.3, which
seems rather too large for the asymptotic expansion to
apply. However, it has been found in experiments that
for some systems the predictions of MCT hold for values
of e of at least 0.5 [19]. Therefore our finding is not very
astonishing. Also, by investigating the relaxation time of
the intermediate scattering function we found that the
asymptotic behavior at low temperatures is obtained for
this quantity only for T ( 0.6 [15,22]. This corresponds
to a value of e of 0.4, which is comparable to the val-
ues found in experiments. Thus we see that the upper
temperature for which the asymptotic behavior can be

} Kob et al. Phys. Rev. E 51(1995)



Propriétés structurales

� Mélange eau + ter-butanol

Miscibilité totale
T = 308.15 K, P = 1 bar
xw = 0.9
Eau : TIP4P-2005
t-butanol : TraPPE

� Nano-démixtion !

} Artola et al. J. Phys. Chem. B 117(2013)



Propriétés structurales

� Mélange eau + ter-butanol

T = 308.15 K, P = 1 bar
xw = 0.1→ 0.9
Eau : TIP4P-2005
t-butanol : TraPPE

� Comparaison neutrons et
RX expérience
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Figure 2: Structure factors: black, red, green, blue and magenta reprensent respectively
water molar fractions 0.1, 0.3, 0.5, 0.7 and 0.9. a: experimental neutron, b: simulated
neutron, c: experimental X-ray and d: simulated X-ray.

Let us focus now on the pre-peak which accounts for super-molecular structures in the

pure alcohol and at low water mole fraction. This pre-peak appears at lower wave number,

meaning larger sizes, as the water proportion increases. This indicates that water molecules

go in between these structures and/or form larger clusters with alcohol molecules, modifying

their chemical nature. Both experimental and simulated X-ray structure factor increase

quickly at high water proportions for very low q. This would indicate a very large structure.

Liquid-liquid phase transition has not been reported for this system33 but it could be a

signature of a large nano-phase separation. Indeed people agree in the literature on specific

heterogeneities in associated mixtures but with various explanations for their origins and

effects on macroscopic properties34,35.

We propose here a plausible chemical nature of the pre-peak: we computed from sim-

ulations the number of clusters of size i (being the number of molecules included in these

13

Neutrons

Rayons X

Exp Simulation

} Artola et al. J. Phys. Chem. B 117(2013)



Propriétés dérivées
Calculs par fluctuations

� Compressibilité isotherme

βT = − 1
V

(
∂V

∂P

)
T
→ 1
〈V 〉kT

[
〈V 2〉 − 〈V 〉2

]

Fluctuations dans {NpT}
Mesure des fluctuations de
volume
Attention MD/MC !

� n-butane (v et l) @ 380 K,
coexistence, versus exp. (Sychev et
al.)

Fig. 9 Monte Carlo simulation thermal expansivity of n-butane
(circles) at 380 K compared with the experimental correlation of
Sychev et al.17 (solid line). Dotted line : vapour pressure boundary.

425.16 K). Results are indicated in Fig. 8 to 12. Comparison
was made with the correlation of experimental data from
Sychev et al.17 for the thermal expansion coefficient, the iso-
thermal compressibility coefficient and the JouleÈThomson
coefficient and from Younglove et al.28 for the residual heat
capacity. As can be seen from the pressureÈvolume diagram of
Fig. 8, the AUA4 potential of Ungerer et al.9 provides a good
representation of n-butane volumetric behaviour and satura-
tion pressure at 380 K. This is not surprising because the
potential has been calibrated on similar properties on ethane,
n-pentane and n-dodecane.

Fig. 9 represents the predicted thermal expansivity as a
function of pressure, which presents a discontinuity at the
saturation pressure. In the vapour state, uncertainties are
small but the thermal expansion coefficient appears slightly

Fig. 10 Monte Carlo simulation isothermal compressibility of n-
butane (circles) at 380 K in the vapour state (a) and the liquid state (b)
compared with the experimental correlation of Sychev et al.17 (solid
line).

Fig. 11 Monte Carlo simulation residual heat capacity of n-butane
(circles) at 380 K compared with the experimental data of Younglove
et al.28 (solid line). Dotted line : vapour pressure boundary.

underestimated. In the liquid state, statistical uncertainties are
larger but the agreement is nevertheless satisfactory without
systematic discrepancy.

The isothermal compressibility as a function of pressure is
illustrated by Fig. 10(a) for the gas state and Fig. 10(b) for the
liquid state. Departures from experimental behaviour are gen-
erally lower than estimated statistical uncertainties.

Fig. 11 represents the residual heat capacity as a function of
pressure. Simulation represents correctly the large di†erence
between the gas and the liquid states.

The JouleÈThomson coefficient as a function of pressure is
illustrated by Fig. 12. The experimental trend is well repro-
duced in the vapour phase although a signiÐcant underesti-
mation is observed at low pressure. The observed deviations
which are approximately 10% are not greater than some dis-
crepancies observed between various literature sources17,30
for the JouleÈThomson coefficient (see Fig. 5). A more detailed
evaluation of data sources would be needed to know whether
or not our deviations are really meaningful. From this investi-
gation of the n-butane system, two major conclusions can be
drawn. The Ðrst is that the proposed Ñuctuation method
applies to Ñexible molecules in the vapour state and in the
liquid state. Convergence is slower in the liquid state as can be
noticed from the larger statistical uncertainties. The second
conclusion is that the AUA4 potential represents in a satisfac-
tory way the thermodynamic derivative properties of n-butane
although it was calibrated on standard properties. Particu-
larly, the di†erence in behaviour between the gas state and the
liquid state is well predicted for all four coefficients investi-

Fig. 12 Monte Carlo simulation JouleÈThomson coefficient of n-
butane (circles) at 380 K compared with the experimental correlation
of Sychev et al.17 (solid line). Dotted line : vapour pressure boundary.

4338 Phys. Chem. Chem. Phys., 2001, 3, 4333È4339
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Propriétés dérivées
Calculs par fluctuations

� Chaleur spécifique à pression
constante

Fluctuations dans {NpT}

Cp = C id
p + Cres

p

C id
p (Mopac, Gaussian)

Cres
p covariance (U, Ĥ) et

(V, Ĥ)

DIPPR versus Monte Carlo (Gibbs code)

2:0%. Density as a function of temperature for 1-olefins is

presented in Figure 10.
Saturation pressure and vapourisation enthalpy calcu-

lations on olefins are presented in Figures 11 and 12.

Saturation pressures obtained with AUA show deviations

less than 15%, while those obtained with TraPPE-UA

exhibit larger deviations, i.e. 52% (Figure 11). Vapourisa-

tion enthalpies show smaller deviations with both

forcefields, less than 3% using AUA and less than 10%

using TraPPE-UA (Figure 12).
Calculation of the boiling point temperatures for

olefins shows an absolute average deviation of , 4:2%

using TraPPE-UA forcefield and , 2% using AUA

forcefield. Critical temperatures show deviations of ,

2% using TraPPE-UA forcefield and , 3% using AUA

forcefield. Critical densities obtained by using both

forcefields, are within 4% of the experimental values.

All data are presented in Figure 13.
Residual saturated liquid heat capacities have been

calculated. Adding the residual heat capacities, obtained

from MC simulations, with the ideal heat capacities of the

compounds (available in the literature, e.g. [71]) leads to

heat capacities which are compared to the experimental

data. The agreement with the experimental data as shown

in Figure 14 is very good for all olefins studied.

4.1.3 Alcohols

Mono- and poly-alcohols are included in the study.

Density calculations of pure mono-alcohols (see Figure 15)

reveal a very good agreement with the experimental data

(, 2:0%AAD) for both TraPPE-UA and AUA forcefields,

for mono-alcohols. The deviation from experimental

Figure 14. (Colour online) Saturated liquid heat capacity calculation of 1-olefins in a range of temperatures, using AUA. Lines represent
DIPPR data and filled symbols correspond to simulation results.

Figure 13. (Colour online) Absolute average deviation of the boiling point temperature, the critical point temperature and density of
olefins. Comparison against DIPPR data.

Molecular Simulation 17
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Equilibre de phases
Ensemble de Gibbs

Boîte 1

Boîte 2

Phase 

Vapeur

Phase 

Liquide

Exemples de mouvements Monte 
Carlo dans l'ensemble de Gibbs

translation, 
rotation, 
changement de 
conformation

changement 
de volume

transfert de 
molécules

Liquide Vapeur



Equilibre de phases
Courbe de coexistence N2O

MC, ensemble de Gibbs
Lois d’échelle

ρV − ρL = γ (T − Tc)β

ρV + ρL
2 − ρc = λ (T − Tc)

DIPPR (l), Quinn et al. (v) versus Gibbs code68 V. Lachet et al. / Fluid Phase Equilibria 322 (2012) 66–78

Dispersion-repulsion energy between two force centres is rep-
resented as a function of their separation distance r with a
Lennard–Jones (LJ) potential:

ULJ = Urep + Udisp = 4ε

((
"
r

)12
−

(
"
r

)6
)

(2)

In the case of binary interactions involving different force
centres i and j, two combining rules have been used following
requirements of intermolecular potentials. Lorentz–Berthelot com-
bining rules are defined by:

εij =
√

εiεj (3)

"ij =
"i + "j

2
(4)

The geometric combining rules are defined by:

εij =
√

εiεj (5)

"ij =
√

"i"j (6)

Unless specified otherwise, Lorentz–Berthelot combining rules
have been used to be consistent with previous studies [18–20].

Electrostatic energy is computed from the Coulomb law, assum-
ing that the molecules bear electrostatic point charges:

Uelec =
qiqj

4#ε0rij
(7)

where qi and qj are two charges belonging to different molecules,
rij is the distance separating the charges and ε0 is the vacuum per-
mittivity.

Numerical values of the involved parameters for all stud-
ied molecules, i.e. Lennard–Jones diameters, Lennard–Jones well
depths and electrostatic charges, will be discussed and given in the
following sections.

Calculation of intermolecular energy is made by applying
periodic boundary conditions, following classical procedures of
molecular simulations [14,21]. Lennard–Jones interactions have
been computed by applying a cut-off distance set to half of the box
length. A standard long distance correction was used to account for
interactions beyond the cut-off distance. The calculation of elec-
trostatic interactions has been done using the Ewald summation
method with 7 vectors in each space direction and a Gaussian width
set to 2#/L, where L is the size of the simulation box.

3. Results

3.1. New interaction potentials for N2O and NO

3.1.1. Model for nitrous oxide
Two intermolecular potentials suitable for liquid–vapour equi-

librium studies are available in the literature to model nitrous
oxide (N2O) molecules. Both are based on Lennard–Jones plus point
charge models. The first one has been proposed by Costa Gomes
et al. in 2006 [22] and the second one by Hansen et al. one year later
[23]. The parameters of these two potentials are summarized in
Table 1. The accuracy of the models can be evaluated from Figs. 1–3
where calculated equilibrium properties are compared to available
experimental data. Note that for simulations employing the Costa
Gomes force field geometric mixing rules are used for both the size
and the energy parameters, whereas classical Lorentz–Berthelot
combining rules are used in the Hansen potential. Although both
models have been fitted to vapour–liquid equilibrium data, the
degree of agreement between experimental and simulated values
is not fully satisfying. The first step of the present work was thus
the determination of a new interaction potential for nitrous oxide
that allows a better quantitative agreement between simulation
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Fig. 1. Liquid–vapour coexisting densities of N2O obtained by Monte Carlo simula-
tions using the Hansen force field, the Costa Gomes force field and our new proposed
force field. Experimental values shown for comparison are taken from the DIPPR data
bank [28] for the liquid phase, and from the work of Quinn and Wernimont [29] for
the  vapour phase.
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Fig. 2. Vapour pressures of N2O obtained by Monte Carlo simulations using the
Hansen force field, the Costa Gomes force field and our new proposed force field.
Experimental values taken from the DIPPR data bank [28] are also shown for com-
parison.
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Fig. 3. Vaporization enthalpies of N2O obtained by Monte Carlo simulations using
the Hansen force field, the Costa Gomes force field and our new proposed force
field. Experimental values taken from the DIPPR data bank [28] are also shown for
comparison.

} Lachet et al. Fluid Phase Equilibria 322(2012)



Aspects quantitatifs
Transferabilité

� Idéalement . . .
Un jeu de paramètres par
groupement (ε, σ, q)

1 Quel que soit l’état
thermodynamique

2 Quels que soient R, R′, ...

� Analyse de 3 propriétés
ρliq

Psat

∆Hvap

R CH2 OH

alcools

cétones

O

R C

R'

R C

O

H

aldéhydes

R O R'

éthers

R C

O

O R'

esters

-OH = O - O -



Aspects quantitatifs
Transférabilité, champ de force AUA4
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Aspects quantitatifs
Transférabilité, champ de force AUA4
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Aspects quantitatifs
Transférabilité

diols 
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CO2+ethanol

� Etude MD/MC @ 313.14 K

Essais avec quelques champs de
forces

225C.Chiehming J et al. / Journal of Supercritical Fluids 12 (1998) 223–237

Fig. 4. P–x–y diagram for CO2(1)+acetone(2).Fig. 2. P–x–y diagram for CO2(1)+methanol(2).

Fig. 5. P–x–y diagram for CO2(1)+octanol(2).Fig. 3. P–x–y diagram for CO2(1)+ethanol(2).} Chang et al. J. Supercritical Fluids 12(1998)



CO2+ethanol

� Etude MD à 313.14 K

Prédiction ρl à P , T et xi
∆ρ/ρ ≤ 4%
TraPPE-TraPPE
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} Chang et al. J. Supercritical Fluids 12(1998)



CO2+ethanol

� Etude MC (ensemble de Gibbs)
@ 313.14 K

Equilibre de phase à 313 K
TraPPE-TraPPE
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CO2+ethanol

� Etude MD

Fluide dense 313.14 K, 100 bar
Simulations {NPT}
TraPPE-TraPPE

∆Hmix = H−[xHCO2 + (1− x)Heth]
0 0.2 0.4 0.6 0.8 1

xCO2

-500

-400

-300

-200

-100

0

∆H
m

ix
 [J

/m
ol

]



CO2+ethanol

� Etude MD

Fluide dense 313.14 K, 100 bar
Simulations {NV T}
Formalisme de Green-Kubo
TraPPE-TraPPE

η = V

kBT

∫ ∞
0
〈σxy(t)σxy(0)〉dt
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Per-fluoroalcanes

� Simulations Monte Carlo, ensemble de Gibbs

ELV : C2F6, C3F8

temperatures much higher than the normal boiling temper-
ature.

■ RESULTS AND DISCUSSION
Analysis of Response Functions. For each class of

compounds, the influence of parameters for a pair of the inner

C atom (σin and εin) and the outer H or F atom (σout and εout)
on response functions for the considered properties was

analyzed. We evaluated the statistical significance of polynomial
terms of the response functions using t-statistics (Table 3). As
expected, linear terms were generally significant for all the
functions. However, the effect of σout on psat was observed only
for alkenes, and its effect on ΔvapH was noticeable only for
alkenes and fluoropropenes. The influence of nonlinear
(quadratic) terms appears much sparser across compound
classes and properties. For psat, only alkanes and fluoroalkanes
exhibit significance beyond a 50% threshold for quadratic

Figure 2. Enthalpies of vaporization of fluoroalkanes: (●) C2F6
simulation, (▲) C2F6 results of Watkins and Jorgensen,28 (red line)
C2F6 Lemmon and Span EOS,59 (■) C3F8 simulation, (▼) C3F8
results of Watkins and Jorgensen,28 and (purple line) C3F8 Lemmon
and Span EOS.59

Figure 3. Saturated vapor pressure of fluoroalkanes: (●) C2F6
simulation, (red line) C2F6 Lemmon and Span EOS,59 (■) C3F8
simulation, and (purple line) C3F8 Lemmon and Span EOS.59

Estimated uncertainties on simulation are too small to be visible on
this scale.

Figure 4. Saturated densities of fluoroalkanes: (●) C2F6 simulation,
(▲) C2F6 results of Watkins and Jorgensen,28 (red line) C2F6
Lemmon and Span EOS,59 (■) C3F8 simulation, (▼) C3F8 results
of Watkins and Jorgensen,28 and (purple line) C3F8 Lemmon and
Span EOS.59
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CO2+ HFO R1234yf

� Mines ParisTech, ENSTA ParisTech,
ICCF Clermont-Ferrand, LCP Orsay

� ELV

Ensemble de Gibbs (Gibbs code,
Towhee)
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CO2+ HFO R1234yf

MC, ∆Hvap, 283 K et 338 K
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■ Liquid phase
❑ Gaz phase

Enthalpie de mélange, 283 K, 6 MPa
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Apports de la simulation

Propriétés thermophysiques de fluides
I ELV, Psat, ∆Hvap, Hmix, Tc, Pc, Cp

I Conductivité thermique λ, viscosité η, diffusion D, etc. . .
I Fluoroalcanes, fluoroalcènes, hydrofluoroalcènes, hydro-chloro-fluoroalènes... (G.

Raabe, E. Maginn, K. Kroenlin)

Systèmes relativement simples
I Petites molécules organiques
I Temps de relaxation faibles (transport)
I Protocoles d’insertion/destruction facilités en Monte Carlo

Développements de champs de forces en cours
I Besoin de données expérimentales !
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