Jan Picálek 
  
Jiří Kolafa 
email: jiri.kolafa@vscht.cz
  
Shear Viscosity of Ionic Liquids from Nonequilibrium Molecular Dynamics Simulation

Keywords: Room temperature ionic liquids, viscosity, nonequilibrium molecular dynamics, solvation, imidazolium Room temperature ionic liquids, viscosity, nonequilibrium molecular dynamics, solvation, imidazolium

Temperature dependence of viscosity of butyl-3-methylimidazolium hexafluorophosphate is investigated by nonequilibrium molecular dynamics simulations with cosine-modulated force in the temperature range from 360 to 480 K. It is shown that this method is able to correctly predict the shear viscosity. The simulation setting and choice of the force field are discussed in detail. The all-atom force field exhibits a bad convergence and the shear viscosity is overestimated, while the simple united atom model predicts the kinetics very well. The results are compared with equilibrium molecular dynamics simulations. The relationship between the diffusion coefficient and viscosity is examined by means of the hydrodynamic radii calculated from the Stokes-Einstein equation and solvation properties are discussed.

 [START_REF] Okoturo | Temperature dependence of viscosity for room temperature ionic liquids[END_REF]; open circles: all-atom force field [START_REF] Liu | Refined Force Field for Molecular Simulation of Imidazolium-Based Ionic Liquids[END_REF], full circles: united atom force field [START_REF] Urahata | Structure of ionic liquids of 1-alkyl-3-methylimidazolium cations: A systematic computer simulation study[END_REF], line: experimental values [START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 1.Variation of Anionic Species[END_REF]. Table 1. Shear viscosity of BMIMPF 6 computed using force fields by Liu et. al. [START_REF] Liu | Refined Force Field for Molecular Simulation of Imidazolium-Based Ionic Liquids[END_REF] and Urahata et. al. [START_REF] Urahata | Structure of ionic liquids of 1-alkyl-3-methylimidazolium cations: A systematic computer simulation study[END_REF], and listed in the left and right column, respectively; heating rate is given by the eq. [START_REF] Umecky | Self-diffusion coefficients of 1-butyl-3-methylimidazolium hexafluorophosphate with pulsedfield gradient spin-echo NMR technique[END_REF]. [START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 1.Variation of Anionic Species[END_REF] and MD results [START_REF] Picálek | Molecular dynamics study of conductivity of ionic liquids: The Kohlrausch law[END_REF] computed using force fields by Urahata et. al. (UA) [START_REF] Urahata | Structure of ionic liquids of 1-alkyl-3-methylimidazolium cations: A systematic computer simulation study[END_REF] and Liu et. al. (AA) [START_REF] Liu | Refined Force Field for Molecular Simulation of Imidazolium-Based Ionic Liquids[END_REF].

Experimental UA force field AA force field T /(K) DCATION /(10 -11 m 2 s -1 ) DANION /(10 -11 m 2 s -1 ) DCATION /(10 -11 m 2 s -1 ) DANION /(10 -11 m 2 s -1 ) DCATION /(10 -11 m 2 s -1 ) DANION /(10 -11 m 2 s -1 ) 360 [START_REF] Noda | Pulsed-Gradient Spin-Echo 1 H and 19 F NMR Ionic Diffusion Coefficient, Viscosity, and Ionic Conductivity of Non-Chloroaluminate Room-Temperature Ionic Liquids[END_REF][START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 1.Variation of Anionic Species[END_REF][START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 2. Variation of Alkyl Chain Length in Imidazolium Cation[END_REF][START_REF] Okoturo | Temperature dependence of viscosity for room temperature ionic liquids[END_REF][START_REF] Seddon | The influence of chloride, water and organic solvents on the physical properties of ionic liquids[END_REF][START_REF] Huddleston | Characterization and comparison of hydrophilic and hydrophobic room temperature ionic liquids incorporating the imidazolium cation[END_REF][START_REF] Shirota | Why are viscosities lower for ionic liquids with -CH2Si(CH3)3 vs -CH2C(CH3)3 substitutions on the imidazolium cations?[END_REF][START_REF] Shirota | Physical Properties and Intermolecular Dynamics of an Ionic Liquid Compared with Its Isoelectronic Neutral Binary Solution[END_REF][START_REF] Gomez | Physical Properties of Pure 1-Ethyl-3-methylimidazolium Ethylsulfate and Its Binary Mixtures with Ethanol and Water at Several Temperatures[END_REF], heat capacity [START_REF] Fredlake | Thermophysical Properties of Imidazolium-Based Ionic Liquids[END_REF], self-diffusivity [START_REF] Noda | Pulsed-Gradient Spin-Echo 1 H and 19 F NMR Ionic Diffusion Coefficient, Viscosity, and Ionic Conductivity of Non-Chloroaluminate Room-Temperature Ionic Liquids[END_REF][START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 1.Variation of Anionic Species[END_REF][START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 2. Variation of Alkyl Chain Length in Imidazolium Cation[END_REF][START_REF] Umecky | Self-diffusion coefficients of 1-butyl-3-methylimidazolium hexafluorophosphate with pulsedfield gradient spin-echo NMR technique[END_REF], ionic conductivity [START_REF] Noda | Pulsed-Gradient Spin-Echo 1 H and 19 F NMR Ionic Diffusion Coefficient, Viscosity, and Ionic Conductivity of Non-Chloroaluminate Room-Temperature Ionic Liquids[END_REF][START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 1.Variation of Anionic Species[END_REF][START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 2. Variation of Alkyl Chain Length in Imidazolium Cation[END_REF], etc. The earliest calculations performed on this family of pure ionic liquids included quantum calculations [START_REF] Meng | Gas phase model of an ionic liquid: semi-emperical and ab initio bonding and molecular structure[END_REF][START_REF] Talaty | Raman and Infrared Spectra and ab Initio Calculations of C2-4MIM Imidazolium Hexafluorophosphate Ionic Liquids[END_REF][START_REF] Heimer | Evidence for spin diffusion in a H,H-NOESY study of imidazolium tetrafluoroborate ionic liquid[END_REF][START_REF] Berg | Raman and ab Initio Studies of Simple and Binary 1-Alkyl-3methylimidazolium Ionic Liquids[END_REF], MD simulation [START_REF] Urahata | Collective excitations in an ionic liquid[END_REF][START_REF] Hanke | Intermolecular potentials for simulations of liquid imidazolium salts[END_REF][START_REF] Andrade | A Force Field for Liquid State Simulations on Room Temperature Molten Salts: 1-Ethyl-3methylimidazolium Tetrachloroaluminate[END_REF][START_REF] Morrow | Molecular Dynamics Study of the Ionic Liquid 1-n-Butyl-3-methylimidazolium Hexafluorophosphate[END_REF][START_REF] Margulis | Computer Simulation of a "Green Chemistry" Room-Temperature Ionic Solvent[END_REF][START_REF] Lopes | Modeling Ionic Liquids Using a Systematic All-Atom Force Field[END_REF][START_REF] Urahata | Structure of ionic liquids of 1-alkyl-3-methylimidazolium cations: A systematic computer simulation study[END_REF][START_REF] Liu | Refined Force Field for Molecular Simulation of Imidazolium-Based Ionic Liquids[END_REF][START_REF] Lee | Molecular dynamics study of the ionic conductivity of 1-n-butyl-3-methylimidazolium salts as ionic liquids[END_REF][START_REF] Yan | Molecular Dynamics Simulation of Ionic Liquids: The Effect of Electronic Polarizability[END_REF] and also some MC [START_REF] Shah | Thermodynamic properties of The ionic liquid 1-n-butyl-3-methylimidazolium hexafluorophosphate from Monte Carlo simulations[END_REF][START_REF] Shah | A Monte Carlo simulation study of the ionic liquid 1-n-butyl-3-methylimidazolium hexafluorophosphate: liquid structure, volumetric properties and infinite dilution solution thermodynamics of CO2[END_REF] simulations. For the purposes of classical simulations a number of force fields have been developed [START_REF] Hanke | Intermolecular potentials for simulations of liquid imidazolium salts[END_REF][START_REF] Andrade | A Force Field for Liquid State Simulations on Room Temperature Molten Salts: 1-Ethyl-3methylimidazolium Tetrachloroaluminate[END_REF][START_REF] Morrow | Molecular Dynamics Study of the Ionic Liquid 1-n-Butyl-3-methylimidazolium Hexafluorophosphate[END_REF][START_REF] Margulis | Computer Simulation of a "Green Chemistry" Room-Temperature Ionic Solvent[END_REF][START_REF] Lopes | Modeling Ionic Liquids Using a Systematic All-Atom Force Field[END_REF][START_REF] Urahata | Structure of ionic liquids of 1-alkyl-3-methylimidazolium cations: A systematic computer simulation study[END_REF][START_REF] Liu | Refined Force Field for Molecular Simulation of Imidazolium-Based Ionic Liquids[END_REF][START_REF] Lee | Molecular dynamics study of the ionic conductivity of 1-n-butyl-3-methylimidazolium salts as ionic liquids[END_REF][START_REF] Yan | Molecular Dynamics Simulation of Ionic Liquids: The Effect of Electronic Polarizability[END_REF][START_REF] Shah | Thermodynamic properties of The ionic liquid 1-n-butyl-3-methylimidazolium hexafluorophosphate from Monte Carlo simulations[END_REF][START_REF] Shah | A Monte Carlo simulation study of the ionic liquid 1-n-butyl-3-methylimidazolium hexafluorophosphate: liquid structure, volumetric properties and infinite dilution solution thermodynamics of CO2[END_REF].

In this work a nonequilibrium molecular dynamics (NEMD) was used to investigate temperature dependence of viscosity of relatively highly viscous BMIMPF 6 in the temperature range from 360 to 480 K. The NEMD is a standard method to determine shear viscosities and has been extensively applied to simple fluids or more rarely to polar liquids.

Several authors have investigated the shear viscosity of molten alkali halides via NEMD [START_REF] Delhommelle | Shear viscosity of molten sodium chloride[END_REF][START_REF] Glamba | Shear viscosity of molten alkali halides from equilibrium and nonequilibrium molecular dynamics simulations[END_REF]. Hu and Margulis performed NEMD of 1-hexyl-3-imidazolium chloride ionic liquid using extremely large simulation boxes [START_REF] Hu | On the Response of an Ionic Liquid to External Perturbations and the Calculation of Shear Viscosity[END_REF].

Viscosity is usually calculated from equilibrium molecular dynamics (EMD) which is often (but not always [START_REF] Hess | Determining the shear viscosity of model liquids from molecular dynamics simulations[END_REF]) considered more accurate. Shear viscosity estimates from EMD simulation have been reported for 1,3-dimethylimidazolium chloride [START_REF] Bhargava | Dynamics in a room-temperature ionic liquid: A computer simulation study of 1,3dimethylimidazolium chloride[END_REF], 1-ethyl-3methylimidazolium chloride [START_REF] Rey-Castro | Transport Properties of the Ionic Liquid 1-Ethyl-3-Methylimidazolium Chloride from Equilibrium Molecular Dynamics Simulation. The Effect of Temperature[END_REF][START_REF] Shim | A molecular dynamics computer simulation study of room-temperature ionic liquids. II. Equilibrium and nonequilibrium solvation dynamics[END_REF], 1-ethyl-3-methylimidazolium hexafluorophosphate [START_REF] Shim | A molecular dynamics computer simulation study of room-temperature ionic liquids. II. Equilibrium and nonequilibrium solvation dynamics[END_REF] and 1-ethyl-3-methylimidazolium nitrate [START_REF] Yan | Molecular Dynamics Simulation of Ionic Liquids: The Effect of Electronic Polarizability[END_REF]. Although the EMD simulations on systems such as high temperature molten salts or solvents like water predicted the dynamical behavior well, the complex nature of ionic liquids requires extremely long runs with large number of ions [START_REF] Hu | On the Response of an Ionic Liquid to External Perturbations and the Calculation of Shear Viscosity[END_REF][START_REF] Picálek | Molecular dynamics study of conductivity of ionic liquids: The Kohlrausch law[END_REF]. Difficulties related to ionic liquids EMD simulations motivated this study to 3 employ the NEMD to access their shear viscosity. We employ the most straightforward classical NEMD algorithm [START_REF] Allen | Computer Simulation of Liquids[END_REF] in which the system responds by a velocity profile to a modulated shear force. It thus complements the very recent work on 1-butyl-3methylimidazolium hexafluorophosphate (BMIMPF 6 ) [START_REF] Zhao | Shear Viscosity of the Ionic Liquid 1-n-Butyl 3-Methylimidazolium Hexafluorophosphate[END_REF] using similar strategy called there "reverse NEMD".

Finally, the hydrodynamic radii of ions are computed from the Stokes-Einstein equation.

Required self-diffusion coefficients are taken from our previous EMD work [START_REF] Picálek | Molecular dynamics study of conductivity of ionic liquids: The Kohlrausch law[END_REF].

THEORY

Stokes-Einstein Law

Let us consider a spherical solute of radius r i immersed in a homogeneous Newtonian fluid of shear viscosity η. Then its diffusion coefficient is related to fluid viscosity by the Stokes-Einstein law [START_REF] Atkins | Physical chemistry[END_REF],

6 i i kT D r πη = , ( 1 
)
where k is the Boltzmann constant and T is the temperature. Since a real solvent is not a homogeneous Newtonian fluid and a real solute is not a hard sphere, r i defined by Eq. ( 1) is called the hydrodynamic radius. By definition, the hydrodynamic radius r i reflects both solvent and shape (dynamic) effects. Therefore, its size (compared with the solute size) can tell us about solvation, conformation of the solute, etc.

Viscosity from Shear-Stress Simulations

Our NEMD algorithm is a standard (but to some extent forgotten) method [START_REF] Allen | Computer Simulation of Liquids[END_REF]. The simulation is performed in a rectangular box of sizes L x ×L y ×L z , where L x = L y and L z = 3L x .

External acceleration acting on particles in the direction perpendicular to the z-axis is (1,0,0) was motivated by a less regular pattern of nearest images in the direction of applied force. Then
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where 2 /

f f C K =
. In practical implementation we also add a small z-force to all atoms so that the sum of forces over all atoms is exactly zero (it slightly deviates because particles are not distributed ideally uniformly). The Navier-Stokes equation [START_REF] Polyanin | Hydrodynamics, Mass and Heat Transfer in Chemical Engineering[END_REF] for a steady Newtonian flow of an incompressible fluid reads as
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where f r is the (averaged) external force per unit volume,

f C f f ρ = = r
, v is the velocity, and

∑ = i i V m / ρ
is the mass density. Its solution is a steady flow proportional to the applied force. Systematic contribution to the (thermal) velocities of individual atoms is then
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where
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In order to calculate C v and consequently η , we define sums
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and the final formula for viscosity adopts the form Heating rate is an important control quantity in the simulation. In the steady state flow it is
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It is useful to express it via expected increase in temperature because it will help us to set up the thermostat used to remove the heat. The crudest estimate of the isochoric heat capacity is that of the ideal gas, C V = N f k / 2, where N f is the number of degrees of freedom of the simulation box. Then

2 2 2 8 f f z T N k C V L π η ρ = & (12) 
In addition, we use the Berendsen thermostat to remove the friction heat. This thermostat adds to the Newton equations of motion a friction-like term proportional to (T-T kin ) v, where we 2 , i.e., the macroscopic component of the velocity v(z i ) is subtracted (although this component is well within the noise for the lowest friction forces used). The thermostat coupling is expressed via correlation time τ T (exactly, an ideal-gas system would relax exponentially with this correlation time).

define ½ k T kin = ½ ∑ i m i [v i -v(z i )]
For larger systems it takes some time until a steady velocity profile develops. Relaxation to this steady state is exponential with the correlation time given by .

2 2       = π η ρ τ z v L (13)
As soon as an estimate of viscosity is known, the recommended strategy to reach the stationary state as fast as possible is to simulate time 

= + + = - ∑ ( 15 
)
where m is the number of measurements. Finally, at low temperatures the error p S δ is comparable to p S ; the viscosity is obtained by division. We therefore provide the viscosity errors as estimated bounds at the 68% confidence level.

Fluid Anisotropy via Cross Section

Molecules under high shear stress try to orient in parallel to the shear force and thus to diminish their cross section and in turn the viscosity. While for small elongated molecules the orientation of the molecular axis can be monitored, no such axis is defined for molecules of complex shape like BMIM + . We therefore determine the cross section directly. To do this, a molecule is replaced by fused hard spheres of radii given by He i R R + , where R i is the van der Waals radius of the atom and R He = 1.4 Å. The cross section is calculated by projecting such a molecule to a plane and counting matching points in a rectangular grid of span 1 Å. The cross sections in three perpendicular directions, (1,1,0), (1,-1,0), and (0,0,1), are monitored.

SIMULATION DETAILS

Nonequilibrium molecular dynamics simulations were performed by package MACSIMUS.

Two different force fields were used for comparison purposes. They will be denoted UA and AA in what follows, and are taken from references [START_REF] Urahata | Structure of ionic liquids of 1-alkyl-3-methylimidazolium cations: A systematic computer simulation study[END_REF] and [START_REF] Liu | Refined Force Field for Molecular Simulation of Imidazolium-Based Ionic Liquids[END_REF], respectively. The simulations were carried out in the NVT ensemble using the Berendsen thermostat at temperatures ranging from 360 to 480 K. The rectangular box was used, the ratio of dimensions was set to L x : L y : L z = 1 : 1 : 3. The simulations were performed with 250 cations and 250 anions, the box dimension was chosen to match the experimental density in the temperature range of interest [START_REF] Noda | Pulsed-Gradient Spin-Echo 1 H and 19 F NMR Ionic Diffusion Coefficient, Viscosity, and Ionic Conductivity of Non-Chloroaluminate Room-Temperature Ionic Liquids[END_REF][START_REF] Gu | Volume expansivities and isothermal compressibilities of imidazolium and pyridinium based ionic liquids[END_REF]. We consider these dimensions sufficient because the NEMD results by Margulis and Hu [START_REF] Hu | On the Response of an Ionic Liquid to External Perturbations and the Calculation of Shear Viscosity[END_REF] on 8232 ion pairs of 1-hexyl-3-imidazolium chloride gave similar results like the small ones.

The initial configuration was a lattice with a low density and ions were placed randomly at the vertices. The box size was gradually rescaled so that the system reached the desired estimated bulk density. The system was intensively cooled during this part of simulation, but for final equilibration and production run the thermostat correlation time was set to 1 ps. Equilibration time was 200 ps, after that production runs lasting at least 7 ns were started. Equations of motion were integrated by the Verlet algorithm [START_REF] Allen | Computer Simulation of Liquids[END_REF], the time step in the simulations was 1.0 fs. The Lennard-Jones cut off was set to 14 Ǻ, the long-range Coulombic interactions were handled with the Ewald summation method [START_REF] Allen | Computer Simulation of Liquids[END_REF].

RESULTS AND DISCUSSION

All calculated shear viscosities are along with the estimated standard errors listed in the Table 1 and plotted in Fig. 1. The computed self-diffusion coefficients from EMD simulation [START_REF] Picálek | Molecular dynamics study of conductivity of ionic liquids: The Kohlrausch law[END_REF] are listed in the Table 2 at temperatures 360 and 380 K.

It is seen that the united atom force field gives viscosities in a good agreement with the experiment while the all-atom values are off by almost an order of magnitude; only the temperature dependence is qualitatively correct. The disagreement witnesses about an inappropriate force field; the same phenomenon has been observed for diffusivities. [START_REF] Picálek | Molecular dynamics study of conductivity of ionic liquids: The Kohlrausch law[END_REF] The recent NEMD results obtained by very long runs at a smaller temperature 300 K [START_REF] Zhao | Shear Viscosity of the Ionic Liquid 1-n-Butyl 3-Methylimidazolium Hexafluorophosphate[END_REF] arrived at a good agreement with experiment, but the used force field was different. [START_REF] Bhargava | Refined potential model for atomistic simulations of ionic liquid [bmim][PF6[END_REF] An important question is whether the usual pair additive non-polarizable force field is suitable to model ionic liquids. Inclusion of polarizability was found to be critical for an accurate of simple inorganic salts [START_REF] Heaton | A First-Principles Description of Liquid BeF2 and Its Mixtures with LiF: 1. Potential Development and Pure BeF2[END_REF][START_REF] Lee | Molten salt electrolytes. I. Experimental and theoretical studies of LiI/AlCl3[END_REF] as well as of alkyl nitrates. Yan and coworkers developed a polarizable model of 1-ethyl-3-methylimidazolium nitrate and discussed the influence of polarizability on bulk properties. [START_REF] Yan | Molecular Dynamics Simulation of Ionic Liquids: The Effect of Electronic Polarizability[END_REF] The influence of polarizability was found to be important but not crucial. However, in our recent study the interfacial behavior of water/ BMIMBF 4 solution was reproduced by a polarizable force field only. [START_REF] Picálek | Aqueous solutions of ionic liquids: study of the solution/vapor interface using molecular dynamics simulations[END_REF] Several authors performed MD simulations of imidazolium-based ILs using nonpolarizable force field and discussed the possible influence of polarizability. [START_REF] Hu | On the Response of an Ionic Liquid to External Perturbations and the Calculation of Shear Viscosity[END_REF][START_REF] Bhargava | Modelling room temperature ionic liquids[END_REF][START_REF] Shim | Solvation in Molecular Ionic Liquids[END_REF] Nevertheless, there is no other work dealing with polarizable force field of BMIMPF 6 we can compare with.

Reliable calculation of viscosities requires careful setting of the force, expressed by parameter ξ; the force constant is proportional to ξ 1/2 . That is why we ran several sets of simulations with different values of ξ. The higher ξ, the larger systematic error; the lower ξ, the larger statistical error. The calculated viscosities at large heating rates are always underestimated because the molecules are reoriented along the force vector, which diminishes the friction force. This effect is worse at low temperatures. We assess it is the impact using cross sections of the BMIM + cation. At the lowest temperature, the lowest heating rate ξ=10 8 , and the allatom force filed (the worst case), the cross section is 85.6 Å 2 in the direction of the force (1,1,0), 86.0 Å 2 in (1,-1,0), and 86.1 Å 2 in the direction of the z-axis. The respective maximum values (maximum anisotropy at extremely high heating rates) are 75, 86, 93. Thus, at ξ=10 8 the anisotropy is only about 3% of the maximum which is acceptable. The systematic error for the united-atom force field is smaller.

In order to guarantee good statistics, the lowest temperature for our computations was set to 360 K; at lower temperatures the correlation times become comparable to our simulation times (7 ns). The maximum of the temperature range (480 K) is below the decomposition temperature [START_REF] Ngo | Thermal properties of. imidazolium ionic liquids[END_REF]. Because of heat production in NEMD simulations, the quality and properties of a thermostat is crucial. The averaged kinetic temperature <T kin > differs from the thermostat value T, but for friction forces used in production runs the difference is 0. atom force field, respectively. We therefore simulated selected systems in the NpT ensemble for comparison, however, no significant difference from the NVT results was found.

Finally, we used the calculated viscosities to calculate the hydrodynamic radii of BMIMPF 6 ;

the self-diffusion coefficients were taken from EMD simulation [START_REF] Picálek | Molecular dynamics study of conductivity of ionic liquids: The Kohlrausch law[END_REF]. The experimental values are based on viscosities and diffusivities by Tokuda et al. [START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 1.Variation of Anionic Species[END_REF]. The results, see Table 3, are somehow controversial and their interpretation is not easy.

The experimental hydrodynamic radii of ions are smaller than their geometric radii (5.2 Å for the cation and 4.1 Å for the anion, based on the respective cross-sections). This means that the simple model of a sphere in a Newtonian fluid is inaccurate (which is not surprising for such a complex liquid). The ions move faster (larger diffusivity) than they would in a Newtonian continuum. One can imagine ions hopping sneakily between local potential minima in a more slowly changing network of ion pairs (viscosity is a collective phenomenon), or locally lower viscosity; we shall see below that the latter explanation may be more relevant.

The hydrodynamic radii obtained from the UA force field are nevertheless close to the geometric ones; in other words, the fluid around ions composed of smooth united atoms seems to be almost Newtonian even at short separations. Even though the values of both diffusivity and viscosity are in a better agreement with the experiment than for the AA force field, the oversimplified UA force field gives worse hydrodynamic radii.

The viscosity of the AA model increases more dramatically than the diffusivity drops and consequently the radii decrease as well and are in a better agreement with the experimental values than in the UA case. In spite of wrong magnitudes, the AA model is able to capture the structure of the ionic liquid better than the UA does.

It remains to discuss the inequality r cation < r aniion (or equivalently D cation > D anion ) which is correctly predicted by both models, while the opposite inequality is for valid the geometric radii (even if the cation is viewed along its elongated axis). The smaller radius of the cation reflects its larger diffusivity and lower local viscosity. It might be attributed to its neighborhood composed of smaller anions. 

CONCLUSIONS

In this work we calculated viscosity of BMIMPF 6 over a temperature range of 360 to 480 K.

We used a NEMD method based on applying a cosine-modulated shear force and observing the velocity profile. This method is based only on formulas of continuum mechanics and is therefore very close to the real experiment. We concentrated on the simulation setting and choice of the force field. The employed united atom force field predicts the shear viscosity very well, the all-atom force field gives only qualitatively correct temperature dependence. In addition, the all-atom force field exhibits a bad convergence and also other properties show "slow kinetics". 

Fig. 1 .

 1 Fig.1. The shear viscosity of BMIMPF 6 ; open circles: all-atom force field[START_REF] Liu | Refined Force Field for Molecular Simulation of Imidazolium-Based Ionic Liquids[END_REF], full circles: united atom force field[START_REF] Urahata | Structure of ionic liquids of 1-alkyl-3-methylimidazolium cations: A systematic computer simulation study[END_REF], line: experimental values[START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 1.Variation of Anionic Species[END_REF].
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  monitored to check for the steady state condition.

  03 K or less. Kinetic temperatures calculated from molecular centers-of-mass only and from velocities with respect to the centers-of-mass (internal motions and rotations) are another quality tests of the integration, constraint dynamics and thermostat; they match within combined error bars (of 1-2 K). For this reasons we expect that the selected Berendsen thermostat used in this work should be satisfactory. The pressure in the NVT ensemble with density set to the experimental one was typically about 10 MPa and 100 MPa Pa for the all-atom and united-

  

Table 2 .

 2 Diffusivity of BMIMPF 6

	T /(K)	Viscosity (UA force field) / (mPa.s)	Viscosity (AA force field) / (mPa.s)
	360	31.3	±	6.2	231.3	±	97.2
	380	17.2	±	2.7	142.8	±	44.3
	400	9.1	±	0.8	58.5	±	17.5
	420	6.9	±	0.5	39.0	±	13.7
	440	4.9	±	0.3	19.3	±	7.6
	460	3.6	±	0.2	14.2	±	3.5
	480	2.8	±	0.1	9.3	±	2.0

Table 3 .

 3 Hydrodynamic radii of the cations BMIM + and anions PF 6 -computed using force fields by Liu et. al. (AA)[START_REF] Liu | Refined Force Field for Molecular Simulation of Imidazolium-Based Ionic Liquids[END_REF] and Urahata et. al. (UA)[START_REF] Urahata | Structure of ionic liquids of 1-alkyl-3-methylimidazolium cations: A systematic computer simulation study[END_REF].

		1.54	1.90	2.16	± 0.44	1.23	±	0.3	0.76	± 0.28	0.42	± 0.09
	380	1.56	1.87	4.91	± 0.58	2.08	± 0.39	0.89	± 0.24	0.52	± 0.11

-. Frequently measured bulk properties include density

[START_REF] Noda | Pulsed-Gradient Spin-Echo 1 H and 19 F NMR Ionic Diffusion Coefficient, Viscosity, and Ionic Conductivity of Non-Chloroaluminate Room-Temperature Ionic Liquids[END_REF][START_REF] Fredlake | Thermophysical Properties of Imidazolium-Based Ionic Liquids[END_REF][START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 1.Variation of Anionic Species[END_REF][START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 2. Variation of Alkyl Chain Length in Imidazolium Cation[END_REF]

, viscosity

  The main source of errors is quantity S p . For small shear forces it fluctuates around zero. Its time-behavior is governed by correlations with correlation time v τ . Long correlations make standard methods for error estimations unreliable. However, the time correlation function of S p has a typical shape of damped oscillations which can help us to determine the error in average p S with higher reliability. We fit the time correlation function of S p to formula

	2.3 Error estimation	
	Cov(S p (t),S p (t+k))/Var(S p ) = cos(Ak) exp(-Bk) F o r and the error is then	(14)
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  Consequently, for advances in this area, the force field should be improved by polarizability, replacing too rigid Lennard-Jones terms by exp-6 (Buckingham or Busing) potentials and by careful setting of all parameters.
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