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ABSTRACT 

In this work, we explore the ability of two force fields, a united atom one (TraPPE-ua: 

Transferable Potential for Phase Equilibria united atom) and a coarse grained one (MCCG: Mie 

chain Coarse Grained), to describe simultaneously equilibrium derivative properties, such as 

isothermal compressibility and speed of sound, excess property in mixtures and transport 

properties such as shear viscosity in binary liquid mixtures composed of n-hexane + n-dodecane 

over a wide range of thermodynamics conditions (from 293.15 to 353.15 K and pressure up to 

100 MPa). To do so on a consistent and controlled set of experimental data, we have measured 

accurately density, speed of sound and shear viscosity of these mixtures. Numerically, we 

computed the aforementioned thermophysical properties at the same thermodynamic conditions 

using both classical Monte Carlo and Molecular Dynamics simulations. Comparisons between 

experimental data and molecular simulations of volumetric and acoustic properties indicate a 

fair agreement for both force fields, with an overall advantage to the MCCG force field. In 

addition, both approaches, combined with classical Lorentz-Berthelot combining rules, are able 
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to capture reasonably well the small excess properties of the studied thermodynamic properties. 

However, non-negligible deviations, up to around 50 %, are observed on viscosity for the 

densest systems. Such deviations confirm that, even on simple molecular systems, force fields 

may be limited to yield precise transport properties at high densities.  

 

Keywords: Thermophysical properties, Shear viscosity, High pressures, normal alkane, Monte 

Carlo, Molecular Dynamics. 

  



 3 

1. INTRODUCTION 

Mixtures of molecular fluids, such as hydrocarbons ones, are widely present in the industry. 

Therefore, the thermophysical characterization of these mixtures is of primary importance to 

optimize the related processes. Despite the great interest for this question, it remains a topical 

issue considering that the predictive approaches (equations of states, mixing rules, correlations) 

are not always able to provide satisfactory results in particular when dealing with derivative 

thermophysical properties1–3 or transport properties such as viscosity4,5 under high pressures as 

found in the oil and gas industry. 

Molecular simulation is a complementary tool6 to deal with the thermophysical properties of 

such molecular systems over a wide range of thermodynamic conditions. Previous works1,6–12 

showed that it is possible to predict with a good accuracy the thermodynamic properties of 

hydrocarbon molecules and their mixtures, even when using these simulation techniques 

combined with force fields based on a coarse grained representation. However, it seems less 

clear whether such approaches are able to provide simultaneously derivative properties like 

speed of sound, excess properties in mixtures, and transport properties like viscosity even for 

simple molecular fluids such as hydrocarbons10,13,14.   

Thus, in this work, which deals with liquid binary mixtures of n-hexane and n-dodecane, we 

have evaluated the ability of two force fields to provide equilibrium properties (density, 

isothermal compressibility, speed of sound), the corresponding excess properties, and transport 

(viscosity) properties over a wide range of thermodynamic conditions (from 293.15 to 353.15K 

and pressure up to 100 MPa). To do so we have chosen a widely used united atom force field, 

the Transferable Potential for Phase Equilibria (TraPPE-ua)8 and a recently developed coarse 

grained force field, the Mie Chain Coarse Grained (MCCG)9,11 for which an accurate equation 

of state has been developed12. To perform the comparison on a consistent and controlled set of 
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experimental data, we have measured accurately density, speed of sound and shear viscosity of 

these mixtures. 

The first section of the article is devoted to a brief description of the experimental setups used 

for measurements. Additional details are provided in the Supplementary Information (SI) file. 

Then, are detailed the two different force fields used in the molecular simulations, the 

simulation protocol and some numerical details. In the results part, for each studied property, 

we systematically compare and discuss the experimental data and the simulations results. 

Finally, we summarize the main outcomes of this study in the last section. 

2. MATERIAL AND METHODS 

2.1. Experimental details  

2.1.1. Chemicals 

Normal-hexane (purity > 99%, with a certificate of analysis of 99.98%) and normal-dodecane 

(purity > 99%, with a certificate of analysis of 99.98%) were obtained from Sigma Aldrich. 

Both components were used without any further treatment. 

 

2.1.2. Density Measurement and Isothermal Compressibility Calculation 

Density measurements were carried out by using a U-tube density meter. To control and 

measure the pressure of the system, we have used a piston pump and a Presens manometer with 

a standard uncertainty of ±0.02%, respectively. The thermal regulation of the system was 

attained by using a thermostatic bath, and the temperature was measured with a Pt100 

thermometer with a standard uncertainty of 0.03 K. Calibration was achieved by the protocol 

proposed by Lagourette et al.15 using vacuum and deionized water. The standard uncertainty of 

each measured density value was estimated according to the GUM of NIST16 by combining the 

quadratic sums of the different sources of uncertainty present in the working equation. 

Uncertainty evaluation was presented in detail in this paper17. Isothermal compressibility κ� 
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was determined by deriving experimental density data, using a computational procedure 

developed by Daridon and Bazile17. This procedure is based on a Monte Carlo method which 

uses 5000 trials to obtain the property and the associated combined standard uncertainty. The 

calculated compressibility exhibits relative deviations that reach, at most 1 %.  

2.1.3. Speed of Sound Measurement:  

The speed of sound measurements were performed by a pulse-echo technique working at a 

resonant frequency of 3 ��� in the reflection mode as described in a previous paper18. The 

pressure of the system was measured by a pressure transducer with an uncertainty of 0.01 MPa, 

mounted between the pump and the high pressure vessel. The thermal regulation is insured by 

immerging the high pressure cell within a thermostatic bath of stability 0.02 K. The temperature 

measurement was made using a Pt 100 probe with an uncertainty less than 0.1 K, placed inside 

the cell. As for density, the standard uncertainty of the speed of sound value is estimated 

according to the GUM of NIST, see SI for details. 

2.1.4. Viscosity Measurement  

Viscosity were measured under pressure using a vertical falling body viscometer as described 

in ref.19. The pressure is measured using a metal gauge sensor connected to a digital display 

whose accuracy is of ± 0.01 MPa at atmospheric pressure and  ± 0.1MPa for pressure up to 100 

MPa. The thermal regulation of the system is carried out using a thermostatic bath Huber 

Unistat CC. The temperature acquisition was made using a platinum probe 100 Ω, placed inside 

the measurement cell and connected to a display AOIP PN5207 with an uncertainty of ± 0.1K.  

The expanded uncertainty in viscosity obtained by this method is are estimated according to the 

GUM of NIST. 
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2.2. Molecular simulation details 

2.2.1. Force Fields 

In this section, we present the two force fields considered in this work: a united atom force 

field20 called Transferable Potential for Phase Equilibria united atom (TraPPE-ua) proposed by 

Martin and Siepmann8 and a coarse grained model20,21 named Mie Chain Coarse Grained 

(MCCG) developed by Hoang et al.9. It should be noticed that, beyond the difference in their 

functional forms and the details of the corresponding molecular description, the two force fields 

also present a difference in their parameterization protocol. More precisely, the parameters of 

TraPPE-ua are determined by, to the first order, a minimization of the errors on the critical 

temperature and on some data of saturated liquid densities8, whereas for MCCG, parameters 

are directly and univocally computed from the critical temperature, one saturated liquid density, 

the acentric factor and one saturated liquid viscosity, using a corresponding states approach9, 

similarly to what proposed by Mejia et al11. 

Thus, MCCG parameterization is straightforwardly achieved without fitting and requires less 

data than what is required to fit TraPPE-ua parameters, but requires one data on shear viscosity 

contrary to TraPPE-ua parameterization. It should be noticed that the MCCG parameterization 

could be achieved as done for the TraPPE-ua, i.e. by minimizing the error with a set of data, 

but a corresponding states strategy could not be used to adjust the TraPPE-ua parameters as 

they are too numerous. Both strategies possess strengths and weaknesses but, including a 

transport property, in addition to equilibrium ones, in the parameterization strategy allows to 

better constrain the molecular model as already shown 9,13,22-23 when dealing both with 

equilibrium and transport properties.  

Furthermore, it is worth noticing that the choice of the MCCG was motivated not only because 

it is interesting to look at the capabilities/limitations of a coarse grained force field but also 

because an equation of state already exists to describe rather accurately its equilibrium 
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properties12. This could replace molecular simulations in some circumstances, even if this is 

out of the scope of this work.  

 

TraPPE-ua 

The description of n-hexane and n-dodecane molecules with the TraPPE-ua model relies on two 

united-atom groups: CH3 and CH2, i.e. the hydrogen atoms are not explicitly described. The 

non-bonded interactions are described by a pairwise additive Lennard-Jones (LJ) 12-6 

potential24,25: 

���(
��) = 4���[(������)�� − (������)�]                                                                                                   (1) 

where, 
�� is the distance between ith and jth particles, ��� and ��� are the LJ interaction 

parameters representing the depth of LJ potential well and the size of particles, respectively. 

The LJ interaction parameters are given in Table I. 

For unlike non-bonded united-atoms, the LJ parameters are determined using the standard 

Lorentz-Berthelot combining rules26,27:                      

��� = ����������                                                                                                                                    (2) 

��� = �������                                                                                                                               (3) 

 

Table I. Parameters used for the TraPPE-ua force field. The subscript x and y are equal to 2 or 

3 

United-atom ���[Å] ���/ � [K]   

CH3 (SP3) 3.75 98   

CH2 (SP2) 3.95 46   

Stretcha 
!"[Å]  �/%�[K.Å&�]   

CHx-CHy
 1.54 452900   
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Bending '!"[deg]  (/%�[K.
)*&�]   

CHx-CH2(sp3)-CHy 114 62500   

Torsion +,/%� [K] +�/%� [K] +�/%� [K] +-/%� [K] 

CHx-CH2-CH2-CHy 0.00 355.03 -68.19 791.32 

a Stretch parameters taken from Mundy et al.26.  

 

Adjacent particles are connected by a bond. Originally, the TraPPE-ua force field considers the 

bond to be fixed at 1.54 Å for n-alkanes. This type of bond is very convenient in implementing 

Monte Carlo simulations but not Molecular Dynamic simulations29. To tackle this problem, a 

harmonic bond-stretching potential was used to describe the bond for MD simulations as 

recommended by Kelkar et al.29: 

�./�!/01 = 23� (
 − 
!")�                                                                                                               (4) 

where, 
 is the distance between adjacent particles, 
!" and  � are parameters of the harmonic 

bond stretching potential to represent equilibrium bond length and the force constant, 

respectively. Hence, in this work, we have used the fixed bond in the MC simulations and the 

harmonic bond in MD simulations. Since TraPPE-ua force field was not provided with bond 

stretching constants, we used the ones from Mundy et al.28, listed in Table I. This modification 

of the force field is known to have a negligible effect on the performance of the force field29. 

Two adjacent bonds form a bond angle ' whose motion is governed by a harmonic potential: 

�5!67 = 28� (' − '!")�                                                                                                                   (5) 

Where  '!"  and  (, listed in Table I, are the equilibrium bending angle and the force constant, 

respectively. 

The torsional potential interactions for particles separated by three bonds is described by a 

cosines series as follows:  
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 �/9�.�96 = +, + +�(1 + cos(∅)) + +�(1 − cos(2∅)) + +-(1 + cos(3∅))                              (6) 

Where ∅ is the dihedral angle and +BC,:- are the Fourier coefficients. Values of these coefficients 

are given in Table I. 

Mie Chain Coarse Grained 

The molecular representation with the Mie Chain Coarse Grained force-field consists in using 

homo-nuclear chains composed of E freely jointed spheres. Interaction between two non-

bonded spheres i and j is described by the Mie λ-6 potential30,31: 

FG�!�
��� = H I��I��&�J KI��� L� �I��&��⁄ ��� NH������JI�� − H������J�O                                                         (7) 

where P�� is the exponent characterizing the repulsive interactions between non-bonded spheres. 

The parameters of MCCG force field for n-hexane and n-dodecane are listed in Table II. 

 

Table II . Mie Chain Coarse Grained (MCCG) parameters of n-hexane and n-dodecane. 

Molecules E ��� (Å) ���/%� [K] P�� 
n-hexane 3 3.862 267.88 13.38 

n-dodecane 5 4.025 336.33 15.84 

 

In the case of mixtures, the cross-interaction parameters ���, ��� and P�� were determined by 

using the same combining rules as in the work on the development of the MCCG for field 9 and 

related works32-34. They are simple and seems able to yield good results for various 

thermophysical properties of weakly asymmetric mixtures9,31, even for subtle properties 

depending strongly on cross interactions, such as thermal diffusion factors31,34. More precisely, 

��� and ��� are calculated using the classical Lorentz-Berthelot combining rules as previously 

defined in Eqs. (2) and (3), and the repulsion exponent of the cross-interactions, P��, is evaluated 

using an arithmetic average as:  
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P�� = I���I���                                                                                                                                   (8) 

It should be noticed that there exist other possibilities regarding the combining rule on the 

repulsion exponent12,32, and that a careful analysis of its impact on the results would deserve a 

dedicated work. However, for the studied system, the asymmetry on the repulsion exponent is 

relatively limited, see Table II, and a different choice of the combining rule leads to cross 

repulsion exponents which are very similar. 

 

2.2.2. Methodology and simulation details 

Thermodynamic properties 

To estimate the thermodynamic properties, we have performed Monte-Carlo (MC) molecular 

simulations in the isothermal-isobaric ensemble (NPT). The simulation boxes were cubic and 

contain at least 200 molecules for the TraPPE-ua force field and at least 400 molecules for the 

MCCG force field. The classical periodic boundary20,21 conditions were applied in all 

directions. The non-bonded interactions were truncated at a cut-off radius of 14A° for the 

TraPPE-ua force field8 and 4.5��� for the MCCG force field9, and the long range corrections 

(LRC) were included. In the simulations, four MC moves20,21,35 were implemented: (1) volume 

change, (2) molecular translation, (3) molecular rotation and (4) configurational-bias MC 

partial regrowth36–38.  

All MC simulations consisted of two steps. First, the systems were equilibrated during a run of 

more than 5×106 MC moves. During the equilibration step, maximum amplitudes of the first 

three MC moves were adjusted so that the acceptance rates of these moves were approximately 

of 50%. Then, the samplings were performed during at least 3×107 MC moves to compute the 

thermodynamic properties. 

Density was directly calculated by averaging its instantaneous values over MC moves as: 

Q = 〈∑ ��� ×G�U 〉                                                                                                                            (9) 
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where, E� and �� are numbers of molecules and molecular mass of ith compound, respectively,  

V is the volume, and 〈… 〉 denotes an average over MC moves. 

For the isothermal compressibility, we used the fluctuation theory20,39 to estimate it during the 

simulations, using: 

X� = − �〈U〉 KY〈U〉YZ L� =  �〈U〉[\� (〈]�〉 −〈]〉�)                                                                            (10) 

where, %� is the  Boltzman constant. 

The speed of sound was deduced from other thermodynamic properties via Newton-Laplace 

equation40 as: 

^ = �
_`(ab&bcdefghi )

                                                                                                                     (11) 

where, jk is the isobaric thermal expansion and +k is the molar isobaric heat capacity. The 

fluctuation theory has been used to compute jk during the simulations1 as: 

jZ = �〈U〉 KY〈U〉YZ L� =  �〈U〉[\�f �〈]�l〉 −〈]〉〈�l〉� (12) 

where, �l is the configurational enthalpy: �l = �!m/ + ��6/ + n], where �!m/ and ��6/ are the 

intermolecular and intramolecular potential energy, respectively.  

Regarding the molar isobaric heat capacity, it is decomposed in an ideal and residual isobaric 

heat capacities in which the former is determined from the NIST database41 and the latter is 

quantified during the simulations thanks to the fluctuation theory1 as: 

+Z�!. = ( �o[\��f �〈�!m/�l〉 − 〈�!m/〉〈�l〉� + �oZ[\��f �〈]�l〉 − 〈]〉〈�l〉� − Ep%� (13) 

where, Ep is the Avogadro number. 

The MC molecular simulations have been carried out by modifying the Towhee-7.1.0 MCCCS 

(Monte Carlo for Complex Chemical System)42 package for the TraPPE-ua force field and using 

an in-house code9 for the MCCG force field. The standard deviations have been estimated using 

the sub-block average method21 for the properties computed directly (Q,  X�, jZ and +k�!.). 
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Concerning the derived properties such as the speed of sound and excess properties (as defined 

later), their uncertainties were simply computed by propagating standard deviations of 

properties directly provided from the simulations. It is worth noting that the uncertainties of the 

derived properties obtained by this way may be large, even of the same magnitude as their 

values for the excess properties of weakly asymmetric mixtures. To improve these uncertainties, 

a straightforward method is to perform independent simulations in each of which the derived 

properties are calculated. Then, their uncertainties are estimated from values of independent 

simulations. However, this requires numerous simulations and so has not been employed in this 

work 

Viscosity computation 

The shear viscosity was computed by performing Molecular Dynamics (MD) simulations. To 

do so, we employed the reverse non-equilibrium molecular dynamics (RNEMD) method 

proposed by F. Müller-Plathe43. In this method, the simulation box was divided into q.rp5 slabs 

along the z direction, then a bi-periodic linear momentum flux was imposed by exchanging 

momentum along the x direction of atoms every E.spk time steps. More precisely, at the 

exchange time step, an atom in the 1st slab with the most negative x velocity component (tm) 

exchanged this component with the one of an atom in the (q.rp5. 2⁄ )th slab that has the most 

positive x velocity component. To keep the periodic boundary condition in the z direction, a 

similar exchange was also applied between (q.rp5.)th slab and (q.rp5. 2 ⁄  + 1)th slab. This 

momentum transfer implied a velocity gradient in the simulation box. The linear momentum 

flux, i.e. the shear stress, induced by this exchange was determined as: 

u�(vm) = ∆Zx�/yxyz                                                                                                                       (14) 

where, ∆nm is the total exchanged momentum during the time {, |m and  |}  are the lengths of 

the simulation box in the x and y directions, respectively. 
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When the system reached the steady state, the shear viscosity was estimated by using the 

Newton’s law of viscosity as: 

~ = − ��(Y�x Y�⁄ )                                                                                                                         (15) 

where, �tm ��⁄  is the shear rate which was computed from the velocity profile. It is worth noting 

that if the momentum flux u� is large, which corresponds to small values of E.spk , the velocity 

profile could be non-linear, so the system is in a non-linear response regime (shear thinning 

regime for instance). Hence, to ensure that the particle swapping frequency  (E.spk) used for 

each run was sufficiently small to be in a linear-response regime, we checked its effect on the 

shear viscosity, see details in section II.1 of the SI file. 

All MD simulations consisted of three steps. In a first step, the systems were equilibrated during 

a run of more than 1×106 time steps. Then, in a second step, the RNEMD method was applied 

to shear the fluid during at least 1×106 time steps. In a last step, the system reached the steady 

state, a run of more than 6×106 time steps was used to perform samplings. 

Simulation boxes contained at least 300 molecules for the TraPPE-ua force field and at least 

600 molecules for the MCCG force field, and were designed such that |� = 2|m = 2|}. 

Classical periodic boundary conditions were applied in all directions. The cut-off radii were 

used to be equal 14A° and 4.5��� respectively for the TraPPE-ua and MCCG force field, and 

the long range corrections were included. The velocity Verlet algorithm was employed to 

integrate the equations of motion. To keep the temperature constant, thermostat algorithms 

(Nose-Hoover44–46 for TraPPE-ua force field and Berendsen47 for MCCG force field) were 

applied to all three velocity components (x, y, and z) during the equilibrium MD simulations, 

whereas they were applied only to y and z velocity components during the NEMD simulations, 

in order not to introduce a bias in the flow direction, z. To constrain the bond length in the 

MCCG force field, we employed the classical RATTLE algorithm48. Molecular Dynamic 

simulations are implemented using the LAMMPS package49 for the TraPPE-ua force field and 
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an in-house code9 for the MCCG force field. Standard deviations were estimated using the sub-

block average method21. 

 

3. RESULTS AND DISCUSSION 

To achieve a consistent and controlled comparison of molecular simulations results with 

experimental data we have performed some dedicated experiments. Experimental 

measurements of density, speed of sound and viscosity were performed on pure n-hexane and 

n-dodecane and on four binary mixtures of these components at mole fractions of 20, 40, 60 

and 80 % of n-hexane. Measurements were carried out along four isotherms spaced at 20 K 

intervals in the temperature range of 293.15-353.15 K at pressures ranging from 0.1 to 100 MPa 

by steps of 10 MPa, except for the isotherm at 353.15 K where the minimum pressure is 10 

MPa for the n-hexane and the four binary mixtures. For this isotherm, atmospheric 

measurements were not carried out in order to avoid possible evaporation of the n-hexane. All 

experimental data used for comparison with molecular simulations are provided in the SI file. 

The quality of the measurements was validated by comparing data obtained for pure component 

to reference correlations available in the literature for both components. The comparison plots, 

provided along with experimental data in the SI file (see Figs. S.1 to S.6.), indicate that our 

experimental measurements data are consistent with those provided in the literature.  

3.1.Thermodynamic properties 

3.1.1. Density 

Monte Carlo simulations of densities were performed at the same conditions (P, T, x) than the 

experimental measurements so as to allow comparisons. The simulation results and the 

corresponding standard errors are listed in Tables S.7 and S.8 of SI for TraPPE-ua and MCCG, 

respectively. For both force fields, a reasonable agreement is observed between the computed 

and experimental density data but with a systematic overestimation as shown in Fig. 1. The 
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observed deviations become larger as the system is denser whatever the force field. 

Consequently, reducing n-hexane content deteriorates the simulations results. Similarly, 

decreasing temperature or increasing the pressure negatively affects the accuracy of the 

simulation results as depicted in the different panels of Fig. 2. Quantitatively, the MCCG force 

field provides results that are slightly better than those of the TraPPE-ua. More precisely, for 

TraPPE-ua, the overall Absolute Average Deviation (AAD) over the full pressure and 

temperature range is 1.5%, the overall relative deviation (Bias) is -1.5 % and the Maximum 

Absolute Average Deviation (Max AD) is 3.0 %. Whereas for MCCG, we observed an AAD 

of 1.2 %, a Max AD of 2.2 % and a Bias of -0.5 %. 

 

Fig. 1. Molecular simulation data of density Q.�� as a function of experimental density data 

 Q!mk  for the mixture n-hexane + n-dodecane. Comparison between �: TraPPE-ua and �: 

MCCG. Dashed line represents the reference, i.e. Q.�� =  Q!mk. 

To highlight the mixing behavior of the system, the excess molar volume of the binary 

mixture was calculated from densities by using the following equation: 

 t� = m���G����(�&m���)G���f` − (
m���G���`��� + (�&m���)G���f`���f )                                                            (16) 
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Where �6�� is the mole fraction of n-hexane, �6�� and �6��� the molecular weights of n-

hexane and n-dodecane respectively, and Q, Q6��and Q6��� the density values of the binary 

mixture, n-hexane and n-dodecane, respectively.  

As expected for such a type of paraffin mixtures, the excess molar volume values are small (i.e. 

below 1% of the total molar volume) and are globally negative. This trend is related to the 

lodgment of n-hexane molecule50 in the interstices formed by the larger n-dodecane molecules, 

thus decreasing the free volume of the real mixture, an effect which is here slightly larger than 

the positive one due to weak dipole-induced dipole-induced interactions between the two 

constituents. Moreover, it has been  found that t� increases by increasing the temperature at 

fixed pressure and decreases by increasing the pressure at a given temperature. Excess molar 

volumes are also calculated from simulations results of density by applying Eq. (16). In general, 

both of the force fields provide results in quantitative agreement with those obtained from 

experiment. Fig. 3 compares the experimental relative excess molar volumes (t� t⁄ ) to that 

obtained from simulation densities for conditions where the most pronounced effect are 

observed, i.e. T = 313.15 K and P = 0.1MPa. It is shown in this figure that simulation values 

are consistent with experimental data despite a systematic underestimation of the absolute 

values. Thus, the weak non-ideality of the studied binary mixture, from the excess molar 

volume point of view, is reasonably well captured by the simulations, meaning that the simple 

Lorentz-Berthelot rule combined with the tested force fields seems sufficient for such mixtures 

and properties, even if not perfect. This result confirms that the misevaluation of the density by 

molecular simulations, shown in Figs. 1 and 2, is not due to the combining rules but to the 

limitations of the tested force fields to model very finely the pure components densities, in 

particular the n-dodecane one. 
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Fig. 2. Density as a function of n-hexane concentration at different temperature and pressure 

conditions. Comparison between : experimental data; �: TraPPE-ua and �: MCCG. The 

simulation error bars are too small to appear on the graphs. 
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Fig. 3 Relative excess molar volume as a function of concentration of n-hexane at 333.15 K 

and 0.1 MPa. Comparison between data calculated from : experimental data; �: TraPPE-ua 

and �: MCCG .  

 

3.1.2. Isothermal compressibility 
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Fig. 4 Molecular simulation data of  isothermal compressibility κ�&.�� as a function of 

experimental data κ�&!mk for the mixture n-hexane + n-dodecane. Comparison between �: 

TraPPE-ua and �: MCCG. Dashed line represents the reference, i.e. κ�&.�� =  κ�&!mk . 
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κ��  values are often very small, they can become  sometimes significant relatively to the real 

mixture values of κ�, reaching up to 25% at T = 313.15 K and P = 0.1 MPa, see Fig. 6.  

Furthermore, we evaluated the capability of molecular simulations to describe the non-ideal 

behaviour of the mixture in terms of κ�. The results are in good adequacy with experimental 

one, as depicted by Fig.6 where comparison are performed for the highest values of relative 

excess isothermal compressibility (κ�� κ�⁄ ). In this figure, both force fields, depict the same 

trend as the experimental values, except at 80 % of n-hexane for which the molecular 

simulations underestimate noticeably the experimental value. These observations are further 

evidence of the consistency of the simple Lorentz-Berthelot rule to describe the studied mixture. 
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Fig. 5 Isothermal compressibility as a function of n-hexane concentration at different 

temperature and pressure conditions. Comparison between : experimental data; �: TraPPE-

ua and �: MCCG. 
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Fig. 6 Relative excess isothermal compressibility as a function of concentration of n-hexane at 

333.15 K and 0.1MPa. Comparison between data calculated from : experimental data; �: 

TraPPE-ua and �: MCCG . 

3.1.3. Speed of sound 
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Fig. 7 Molecular simulation data of speed of sound ^�B� as a function of experimental 

data  ^��� for the mixture n-hexane + n-dodecane. Comparison between �: TraPPE-ua and �: 

MCCG . 
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Fig. 8 Speed of sound as a function of n-hexane concentration at different temperature and 

pressure conditions. Comparison between : experimental data; �: TraPPE-ua and �: MCCG. 
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Thereafter, we calculated the excess speed of sound ^�  in the mixture . However, contrary to 

excess molar volume and isothermal compressibility, the calculation of ^�  is not 

straightforward. The corresponding equation, which is presented in more details in a previous 

paper53 is defined as follows: 

 ^� = ^ − _∑ m�c�g��
Ga���                                                                                                                    (19) 

With 

X��7 = ∑ ∅�X�,�� − H∑ m�c�g�� J �∑ ∅��i,�� �f

∑ m� c�bdi,�f
g�K�b,����,�L�

                                                                                           (20) 

In addition to density Q� and isothermal compressibility X�,�, Eq. (20) also involves the 

isentropic compressibility X�,� and the isobaric thermal expansion jk,�. The first one is 

calculated from the speed of sound and the density according to the following relation: 

 X�,� = �`�s�f                                                                                                                                       (21) 

Concerning the isobaric thermal expansion, it was obtained from derivation of isobaric density 

measurements with respect to temperature by using the same Monte Carlo derivation method 

as the isothermal compressibility. 

As indicated in Fig.9 for the most pronounced case (T = 313.15 K and P = 0.1 MPa), the 

experimental excess speed of sound values are positive. This behavior perfectly matches with 

our observations on excess molar volume and excess isothermal compressibility. Indeed, t� 

and κ��  were shown to be negative, which means that the real mixture is denser than the ideal 

one, leading to higher speed of sound in the former. In terms of amplitude, the excess sound 

velocity data can reach up to 6% of real mixture values as depicted in Fig. 6. Then, numerical 
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excess speed of sound values were calculated from simulation results for both force fields by 

applying Eqs. (18) and (19). Such calculation exhibits very large error bars (up to 150 m/s) that 

are probably overestimated due to the fact that simulations results are correlated. In Fig.9, 

simulation relative excess sound velocities are compared to experimental ones. Interestingly, 

the simulations values follow the trends depicted by the experimental results and are of the 

same order of magnitude, showing the ability of the simulations to capture the weak non-ideal 

behavior of the mixture in terms of such an indirect property. 

 

Fig. 9 Relative excess sound velocity as a function of concentration of n-hexane at 333.15 K 

and 0.1MPa. Comparison between data calculated from : experimental data; �: TraPPE-ua 

and �: MCCG.  For the sake of clarity, the large error bars are not represented. 
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ua and MCCG force fields are summarized in Tables S.13 and S.14 of SI. Comparisons to 

experimental data in Figs.10 and 11 reveal that simulations with both force fields systematically 

underpredict the viscosity, with underestimations reaching 50 %. More precisely, for both 

molecular models, the denser (low temperature, high pressure, high content of n-dodecane) the 

system is, the higher are the deviations from experimental data as depicted by Fig. 11. 

 

 

Fig. 10 Molecular simulation data of  viscosity ~.�� as a function of experimental data η!mk   

for the mixture n-hexane + n-dodecane. Comparison between �: TraPPE-ua and �: MCCG. 
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the density dependence of shear viscosity of such systems is related to the way the force fields 

describe the molecules’ global rigidity10,13. Indeed, most of the force fields, including TraPPE-

ua, have been developed so as to mimic essentially equilibrium properties. However, it is known 

that phase equilibrium properties are usually less dependent to the internal rigidity than is 

viscosity10 and so are not discriminative properties regarding the way internal degrees of 

freedom should be described.  

 

 

Fig. 11 Viscosity as a function of n-hexane concentration at different temperature and pressure 

conditions. Comparison between : experimental data; �: TraPPE-ua and �: MCCG . 
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As for thermodynamic properties, we defined a viscosity deviation called excess viscosity of 

the binary mixture as the difference between the real mixture viscosity and a linear combination 

of pure compound viscosities58, i.e. : 

 η� = η − �6��η6�� − (1 − �6��)η6���                                                                             (22) 

It should be noticed that such an “excess” viscosity definition is not unique and has been chosen 

simply by analogy to the excess properties used to describe deviation from ideal mixtures on 

the volumetric properties as both quantities are strongly linked. 

As expected, the experimental results show that the excess viscosities are negative. This is 

because the dispersion forces are dominant in the studied mixture 59,60. The excess viscosities 

decrease in absolute values as the pressure is decreased and the temperature is increased. 

Consequently , the maximum absolute values of η�  in our range of temperature and pressure 

are observed at 293.15 K and 100 MPa, corresponding to the smallest values of t�, κ��  and ^�. 

In these conditions, the excess viscosity can reach up to 35% of the real mixture viscosity. 

Fig.12 compares the simulation relative excess viscosities to experimental values in the case of 

highest values of η�  . It appears that the excess viscosity is not well quantified by the MCCG 

force field and is only qualitatively captured (noticeably underestimated in absolute value) by 

the TraPPE-ua. This misevaluation, even if small compared to the ones noticed on pure fluids, 

adds to the limitations of these force fields to predict accurately viscosity for the densest 

systems studied here and may indicate a limitation of the combining rules used in this work. 

Such results highlight that viscosity is an interesting and sensitive property not only to evaluate 

the quality of force field but also the capabilities of combining rules to capture cross interactions 

for a given molecular model.  
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Fig. 12 Relative excess viscosity as a function of concentration of n-hexane at 293.15 K and 

100 MPa. Comparison between data calculated from : experimental data; �: TraPPE-ua and 

�: MCCG . For the sake of clarity, the large error bars are not represented. 
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The results obtained by the TraPPE-ua force field yield an AAD of 1.5% for the density, 11.1% 

for the isothermal compressibility, 6.1% for the sound velocity and 35% for the viscosity. 

Concerning the MCCG force field, it leads to slightly better results with an AAD of, 1.2% for 

the density, 5.9% for the isothermal compressibility, 2.5% for the speed of sound and 24% for 

the viscosity. An additional interesting point is that, when comparing the simulated excess 

properties to experimental values, the two force fields, using simple Lorentz Berthelot 

combining rules, are shown to capture rather well the weak non-ideality of the mixtures in terms 

of excess thermodynamic properties, but not in terms of excess viscosity. Thus, these results 

validate that both TraPPE-ua and MCCG are able to yield results on direct and derivative 

thermodynamic properties in fair agreement with experimental ones. However, important 

deviations (systematic underestimation) from experimental data, up to around 50 %, are 

observed on viscosity for the densest systems. Such deviations confirm that, even on simple 

molecular systems such as n-alkane mixtures, force fields that are able to describe accurately 

fluid equilibrium properties are not always able to yield precise transport properties. 

Consequently, viscosity is an interesting property not only to evaluate the quality of force fields 

but also to assess the capabilities/limitations of the combining rules to capture cross interactions 

for a given molecular model.  

Further systematic tests are planned to deal with more asymmetric, and so more non-ideal 

mixtures53,61, which are known to be even more difficult to model using classical equation of 

states and viscosity correlations, approaches 2. This will be achieved in the future together with 

a more systematic test of various possibilities for the combining rules for the MCCG force field 

as this should impact the results when dealing with asymmetric mixtures. Finally, to improve 

the prediction capability for the viscosity, the MCCG force field will be further extended by 

introducing a rigidity parameter as already initiated in ref [10].  
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APPENDIX A: SUPPLEMENTARY MATERIALS 
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