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  L'archive ouverte pluridisciplinaire

The modeling philosophy followed here is to keep the molecular model as simple 92 as possible. Therefore, the molecule is assumed rigid and non-polarizable, i.e. 93 a single state-independent set of parameters is used. Hydrogen atoms are not 94 modeled explicitely, a united-atom approach is used.

95

For both present models, a single Lennard-Jones potential was assumed to 96 describe the dispersive and repulsive interactions. The electrostatic interactions 97 as well as hydrogen bonding were modeled by a total of four partial charges.

98

This modeling approach was found to be appropriate for other hydrogen bonding 99 fluids like methanol [START_REF] Schnabel | Molecular 373 model for formic acid adjusted to vapor-liquid equilibria[END_REF], ethanol [START_REF] Schnabel | Henry's law constants of methane, 376 nitrogen, oxygen and carbon dioxide in ethanol from 273 to 498 K: predic-377 tion from molecular simulation[END_REF], and formic acid [START_REF] Schnabel | Hydrogen Bonding 379 of Methanol in Supercritical CO2: Comparison between 1H-NMR Spec-380 troscopic Data and Molecular Simulation Results[END_REF] and was also followed 100 by Impey and Klein [START_REF] Impey | A simple intermolecular potential for liquid 354 ammonia[END_REF] and Kristóf et al. [START_REF] Kristóf | A simple effective 358 pair potential for the molecular simulation of the thermodynamic properties 359 of ammonia[END_REF] for ammonia. 101 Thus, the potential energy u ij between two ammonia molecules i and j is 102 given by

103 u ij (r ij ) = 4ε σ r ij 12 - σ r ij 6 + 4 a=1 4 b=1 q ia q jb 4π 0 r ijab , ( 1 
)
where a is the site index of charges on molecule i and b the site index of charges 104 on molecule j, respectively. The site-site distances between molecules i and j 105 are denoted by r ij for the single Lennard-Jones potential and r ijab for the four 106 partial charges, respectively. σ and ε are the Lennard-Jones size and energy 107 parameters, while q ia and q jb are the partial charges located at the sites a and To keep the modeling procedure as independent as possible from the avail-111 ability of specific information, no experimental bond lengths or angles were used 112 here in contrast to [START_REF] Jorgensen | Structure and properties of liquid ammo-349 nia[END_REF][START_REF] Hinchliffe | 351 Intermolecular potentials for ammonia based on SCF-MO calculations[END_REF][START_REF] Impey | A simple intermolecular potential for liquid 354 ammonia[END_REF][START_REF] Kristóf | A simple effective 358 pair potential for the molecular simulation of the thermodynamic properties 359 of ammonia[END_REF]. Instead, the nucleus positions were calculated by 

F = 1 d d i=1 1 (δA i,sim ) 2 (A i,sim (M 0 ) -A i,exp ) 2 , (2) 
wherein the n-dimensional vector M 0 = (m 0,1 , . 

A i,sim (M new ) = A i,sim (M 0 ) + n j=1 ∂A i,sim ∂m j • (m new,j -m 0,j ) . (3) 
Therein, the partial derivatives of A i with respect to each model parameter m j , 157 i.e. the sensitivities, are calculated from difference quotients

158 ∂A i,sim ∂m j ≈ A i,sim (m 0,1 , ..., m 0,j + ∆m j , ..., m 0,n ) -A i,sim (m 0,1 , ..., m 0,j , ..., m 0,n ) ∆m j . (4) 
Assuming a sound choice of the model parameter variations ∆m j , i.e. small 159 enough to ensure linearity and large enough to yield differences in the simulation model by [START_REF] Gray | Theory of molecular fluids[END_REF] 229

B = -2π ∞ 0 exp - u ij (r ij , ω i , ω j ) k B T -1 ωi,ωj r 2 ij dr ij , (5) 
where u ij (r ij , ω i , ω j ) is the interaction energy between two molecules i and j, Carlo scheme [START_REF] Mountain | A polarizable model for ethylene oxide[END_REF][START_REF] Eckl | On the application of force fields for 343 predicting a wide variety of properties: Ethylene oxide as an example. 344 Fluid Phase Equilib[END_REF]. A cut-off correction was applied for distances larger than So the latter can be seen as the more demanding criteria. Fu for setting up and running the simulations shown in Figures 5 and6. The Grand Equilibrium method [START_REF] Vrabec | Grand Equilibrium: vapour-liquid equilibria by a 433 new molecular simulation method[END_REF] was used to calculate VLE data at eight 296 temperatures from 240 to 395 K during the optimization process. At each 297 temperature for the liquid, molecular dynamics simulations were performed in 298 the N pT ensemble using isokinetic velocity scaling [START_REF] Allen | Computer simulations of liquids[END_REF] and Anderson's barostat 299 [START_REF] Andersen | Molecular dynamics simulations at constant pressure 435 and/or temperature[END_REF]. There, the number of molecules is 864 and the time step was 0.58 fs except 

326

The cut-off radius was set to 17.5 Å throughout and a center of mass cut-off 327 scheme was employed. Lennard-Jones long-range interactions beyond the cut-off 328 radius were corrected as proposed in [START_REF] Allen | Computer simulations of liquids[END_REF]. Electrostatic interactions were ap-329 proximated by a resulting molecular dipole and corrected using the reaction field 

  from ab initio quantum mechanical calculations.83The paper is structured as follows: Initially, a procedure is proposed for the 84 development of a preliminary molecular model. This model, called first model in 85 the following, is then adjusted to experimental VLE data until a desired quality 86 is reached. The resulting model, denoted as new model in the following, is 87 used afterwards to predict thermal and caloric properties apart from the phase 88 coexistence as well as structural properties. 89 2 Selection of Model Type and Parameteriza-90 tion 91

b

  on the molecules i and j, respectively. Finally, 0 denotes the permittivity of 109 the vacuum. 110
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 326833 Figure 6 presents relative deviations in terms of enthalpy between simulation

  230 cf. Equation (1). k B denotes Boltzmann's constant and the brackets indicate 231 an average over the orientations ω i and ω j of the two molecules separated by 232 the center of mass distance r ij . 233 The second virial coefficient was calculated here by evaluating Mayer's f -234 function at 363 radii from 2.4 to 8 Å, averaging over 500 2 random orientations 235 at each radius. The random orientations were generated using a modified Monte 236

237 8 ÅFigure 7

 87 Figure7shows the second virial coefficient predicted by the new model is
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  temperature, where 1372 molecules and a time step of 0.44 fs 301 were used. The initial configuration was a face centered cubic lattice, the fluid 302 was equilibrated over 120 000 time steps with the first 20 000 time steps in the 303 canonical (N V T ) ensemble. The production run went over 300 000 time steps 304 (400 000 for 240 K) with a membrane mass of 10 9 kg/m 4 . Widom's insertion 305 method[START_REF] Widom | Some topics in the theory of fluids[END_REF] was used to calculate the chemical potential by inserting up to 4 000 306 test molecules every production time step. 307 At the lowest two temperatures additional Monte Carlo simulations were 308 performed in the N pT ensemble for the liquid. There, the chemical potential of 309 liquid ammonia was calculated by the gradual insertion method [40]. The num-310 ber of molecules was 500. Starting from a face centered cubic lattice, 15 000 311 Monte Carlo cycles were performed for equilibration and 50 000 for production, 312 each cycle containing 500 displacement moves, 500 rotation moves, and 1 volume 313 move. Every 50 cycles 5000 fluctuating state change moves, 5000 fluctuating par-314 ticle translation/rotation moves, and 25000 biased particle translation/rotation 315 moves were performed, to measure the chemical potential. These computation-316 ally demanding simulations yield the chemical potential in the dense and strong 317 interacting liquid with high accuracy, leading to small uncertainties in the VLE. 318 For the corresponding vapor, Monte Carlo simulations in the pseudo-µV T 319 ensemble were performed. The simulation volume was adjusted to lead to an 320 average number of 500 molecules in the vapor phase. After 1 000 initial N V T 321 Monte Carlo cycles, starting from a face centered cubic lattice, 10 000 equi-322 libration cycles in the pseudo-µV T ensemble were performed. The length of 323 the production run was 50 000 cycles. One cycle is defined here to be a num-324 ber of attempts to displace and rotate molecules equal to the actual number of 325 molecules plus three insertion and three deletion attempts.
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  T c =405.65 K, ρ c =13.8 mol/l, and p c =11.28 MPa. Following the procedure suggested by Lotfi et al. [28] the critical properties 198 T c =395.82 K, ρ c =14.0 mol/l, and p c =11.26 MPa for the model of Kristóf et al.

	192	the vapor pressure compared to the first model is observed. In Figure 4 the
	193	relative deviations of the new model, the model from Kristóf et al., and the first
	194	model are shown in the whole range of the VLE starting from triple point to
	195	critical point.
	196	Mathews [27] gives experimental critical values of temperature, density and
		F o r r o F pressure for ammonia:
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	187	With the new model a significant improvement is achieved compared to the
	188	model from Kristóf et al. The description of the experimental VLE is very
	189	good, the mean unsigned deviations in saturated liquid density, vapor pressure
		and enthalpy of vaporization are 0.7, 1.6, and 2.7 %, respectively. Only at low
	163 191	
		6 7

160 results significantly above the statistical uncertainties, this method allows a step-161 wise optimization of the molecular model by minimization of the fitness function 162 F. Experience shows that an optimized set of model parameters can be found within a few steps when starting from a reasonable initial model. 164 3 Results and Discussion 165 3.1 Vapor-Liquid Equilibria 166 VLE results for the new model are compared to data obtained from a reference 167 quality equation of state (EOS)

[START_REF] Tillner-Roth | Eine neue Funda-404 mentalgleichung fuer Ammoniak[END_REF] 

in Figures

1 to 3

. These figures also include 168 the results, that we calculated using the first model and the model from Kristóf 169 et al.

[START_REF] Kristóf | A simple effective 358 pair potential for the molecular simulation of the thermodynamic properties 359 of ammonia[END_REF]

. The present numerical simulation results together with experimental 170 data

[START_REF] Tillner-Roth | Eine neue Funda-404 mentalgleichung fuer Ammoniak[END_REF] 

are given in Table

2

, technical simulation details are given in the 171 appendix.

172

The reference EOS

[START_REF] Tillner-Roth | Eine neue Funda-404 mentalgleichung fuer Ammoniak[END_REF] 

used for adjustment and comparison here, was op-173 timized to 1147 experimental data sets. It is based on two older EOS from 174 the late nineteen seventies

[START_REF] Haar | Thermodynamic properties of ammonia[END_REF][START_REF] Ahrendts | Die thermodynamischen Eigenschaften von 408 Ammoniak[END_REF] 

and also recommended by the NIST within 175 their reference EOS database REFPROP

[START_REF] Lemmon | NIST Stan-410 dard Reference Database 23[END_REF]

. The proposed uncertainties of 176 the equation of state are 0.2 % in density, 2 % in heat capacity, and 2 % in the 177 speed of sound, except in the critical region. The uncertainty in vapor pressure 178 is 0.2 %. 179 The model of Kristóf et al. shows noticeable deviations from experimental 180 data. The mean unsigned errors over the range of VLE are 1.9 % in saturated 181 liquid density, 13 % in vapor pressure and 5.1 % in enthalpy of vaporization. 182 Even without any further adjustment to experimental data a better description 183 was found using the first model. The deviations between simulation results and 184 reference EOS are 1.5 % in saturated liquid density, 10.4 % in vapor pressure 185 and 5.1 % in enthalpy of vaporization. 190 temperatures, in the range of ambient pressure, a slightly worse description of 197 199 were calculated, where the critical temperature is underestimated by 2.4 %. For 200 the first model T c =403.99 K, ρ c =14.1 mol/l, and p c =11.67 MPa were obtained 201 and for the new model T c =402.21 K, ρ c =13.4 mol/l, and p c =10.52 MPa. The 202 latter two give reasonable results for the critical temperature, while the new 203 model underpredicts the critical pressure slightly.

  3 % at 300 K.

		Molecular Physics
	247 275	al. show a smoother gradient and are available for all three types of atom-atom saturated liquid density, and enthalpy of vaporization.
	248 276	pair correlations, namely nitrogen-nitrogen (N-N), nitrogen-hydrogen (N-H), A description of the VLE of ammonia was reached within relative deviations
	249 277	and hydrogen-hydrogen (H-H), thus they were used for comparison here. In of a few percents. Next to this, covering a large region of states, a good pre-
	250 278	Figure 8, these experimental radial distribution functions for liquid ammonia diction of both thermal and caloric properties apart from the VLE was found
	251 279	at 273.15 K and 0.483 MPa are compared to present predictive simulation data compared to a reference EOS [23].
	252 253 280 281	F o r based on the new model. It is found that these structural properties are in very good agreement, although no adjustment was done with regard to structural properties. The Predicted structural quantities, i.e. radial distribution functions in the liquid F state, are in very good agreement to experimental neutron diffraction data. o r This shows, that molecular models adjusted to macroscopic thermodynamic
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	270	
	243 271	3.4 Structural Quantities obtained by calculations within a dielectric continuum to mimic the (stronger)
	244 272	Due to its scientific and technical importance, experimental data on the micro-interactions in the liquid phase. The partial charges for the present ammonia
		scopic structure of liquid ammonia are available. Narten [7] and Ricci et al. [35] model are specified to yield the same dipole moment as quantum mechanics. The
	246	
		9

245

applied X-ray and neutron diffraction, respectively. The results from Ricci et 254 atom-atom distance of the first three layers is predicted correctly, while only 255 minor overshootings in the first peak are found. Please note, that the first peak 256 of experiment in g N-H and g H-H show intramolecular pair correlations, which 257 are not calculated in the simulation. 258 In the experimental radial distribution function g N-H the hydrogen bonding 259 of ammonia can be seen at 2-2.5 Å. Due to the simplified approximation by 260 off-centric partial charges, the molecular model is not capable to describe this 261 effect completely. But even with this simple model a small shoulder at 2.5 Å is 262 obtained. 263 4 Conclusion 264 A new molecular model is proposed for ammonia. This model was developed 265 using a new modeling procedure, which speeds up the modeling process and can 266 be applied on arbitrary molecules. The interaction sites are located according to 267 atom positions resulting from ab initio quantum mechanical calculations. Also 268 the electrostatic interactions, here in form of partial charges, are parameterized 269 according to high-level ab initio quantum mechanical results. The latter are 273 Lennard-Jones parameters were adjusted to VLE data, namely vapor pressure, 274 10 Page 10 of 29 URL: http://mc.manuscriptcentral.com/tandf/tmph 282 properties also give reasonable results on microscopic properties. Note that this 283 is not true vice versa in most cases. With the present model a similar quality 284 in describing the atomic radial distribution functions as Impey and Klein [6] is 285 gained, while the macroscopic properties like vapor pressure differ considerably.

286

Table 1 :

 1 Parameters of the new ammonia model. The electronic charge is e = 1.6021 • 10 -19 C.

	330
	12
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Table 2 :

 2 Vapor-liquid equilibria of ammonia: simulation results using the new model (sim) compared to data from a reference quality equation of state[START_REF] Tillner-Roth | Eine neue Funda-404 mentalgleichung fuer Ammoniak[END_REF] (eos) for vapor pressure, saturated densities and enthalpy of vaporization. The number in parentheses indicates the statistical uncertainty in the last digit.

	T	p sim	p eos	ρ sim	ρ eos	ρ sim	ρ eos	∆h v sim	∆h v eos
	K	MPa	MPa	mol/l	mol/l	mol/l	mol/l	kJ/mol kJ/mol
	240 0.12(1) 0.102 40.26(1) 40.032 0.066(5) 0.0527 24.11(1)	23.31
	280 0.60(2) 0.551 36.98(2) 36.939 0.280(8) 0.257	21.56(1)	21.07
	315 1.65(4) 1.637 33.76(3) 33.848 0.74 (1) 0.744	18.96(2)	18.57
	345 3.37(4) 3.457 30.45(4) 30.688 1.55 (1) 1.624	16.19(3)	15.79
	363 5.22(5) 5.101 28.17(6) 28.368 2.56 (2) 2.544	13.93(5)	13.65
	375 6.37(6) 6.485 26.18(7) 26.502 3.17 (3) 3.459	12.48(6)	11.89
	385 7.88(5) 7.845 24.05(9) 24.608 4.27 (5) 4.554	10.49(9)	10.08
	395 9.54(7) 9.422 20.9 (1) 22.090 5.66 (9) 6.272	8.1 (1)	7.66
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