
A study of Ar-N2 supercritical mixtures using neutron

scattering, molecular dynamics simulations and

quantum mechanical scattering calculations

Alan K. Soper

ISIS Facility, STFC Rutherford Appleton Laboratory, Harwell Campus, Didcot, Oxon

OX11 0QX, UK. E-mail: alan.soper@stfc.ac.uk

Ioannis Skarmoutsos

Institute Charles Gerhardt Montpellier, UMR 5253 CNRS, Université de Montpellier,
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Abstract

The microscopic structure of Ar-N2 supercritical mixtures was obtained
using neutron scattering experiments at temperatures between 128.4 - 154.1

Preprint submitted to Journal Name April 6, 2019



K, pressures between 48.7 - 97.8 bar and various mole fractions. Molec-
ular Dynamics simulations (MD) were used to study the thermodynamics,
microscopic structure and single molecule dynamics at the same conditions.
The agreement between experimental and theoretical results on the inter-
molecular structure was very good. Furthermore, a new explicitly-correlated
coupled cluster potential energy surface was obtained for the Ar-N2 van der
Waals complex. The ab initio potential energy surface (PES) was found in
agreement with the MD interaction potential. The global minimum of the ab
initio PES De = 98.66 cm−1 was located at the T-shaped geometry and at the
intermolecular equilibrium distance of Re = 7.00a0. The dissociation energy
of the complex was determined to be D0 = 76.86 cm−1. Quantum mechani-
cal (QM) calculations on the newly obtained PES were used to provide the
bound levels of the complex. Finally, integral and differential QM cross sec-
tions in Ar + N2 collisions were calculated at collision energy corresponding
to the average temperature of the experiments and at room temperature.

Keywords: Supercritical, Argon, Nitrogen, Neutron scattering, Molecular
Dynamics, Ar-N2, Supercritical mixture

1. Introduction1

Supercritical fluids have special properties that have led to a rich vari-2

ety of applications including production of essential oils and pharmaceuti-3

cal products, green chemistry, nuclear reactors and formation of nano- and4

micro-particles. Their special properties are closely related to some peculiar5

structural effects occurring in these fluids, which are absent in conventional6

phases such as liquid and gas. Supercritical fluids exhibit significant spatial7

density fluctuations, and these characteristic density inhomogeneities become8

even more pronounced close to the critical point of the fluid. Due to the9

close interrelation of the compressibility factor of a supercritical fluid with10

these density fluctuations, the presence of density inhomogeneities strongly11

affects the behaviour of the compressibility at these thermodynamic condi-12

tions, causing not only corresponding changes in their dissolving capability13

and reaction dynamics but also in the eclectic dissolution of different cate-14

gories of solutes in supercritical solvents [1, 2, 3].15

Recent experimental and theoretical work [4, 5, 6] has also shown that16

structural transitions from liquid-like behaviour at high pressures to gas-like17

behaviour at low pressures may take place. Debenedetti and coworkers [7]18
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have predicted that heavy-in-light near critical system will exhibit an en-19

hancement of solute-solvent interactions, but the converse will be true for a20

light-in-heavy near critical system. The present work is the first joint system-21

atic experimental and theoretical study of the effect of mass and concentra-22

tion in the microscopic structure and molecular motion in binary supercritical23

mixtures.24

The chosen binary system is the Ar-N2, where the molecular weights of25

Ar and N2 are around 40 and 28 amu, respectively. Thus we will be able26

to contrast the behavior between N2 in-Ar (light-in-heavy) and Ar-in-N227

(heavy-in-light) mixtures. The Ar-N2 system has been studied extensively.28

Particularly relevant to our work here is previous work on thermodynamics,29

potential energy surfaces (PES), and microscopic structure. The main results30

of pVT and VLE studies on Ar-N2 have been critically summarized and31

reviewed elsewhere [8, 9, 10, 11, 12]. Many PES have been presented for32

this system with the most recent ones [13, 14, 15, 16, 17] based on ab initio33

calculations and sometimes refined using experimental data. However, most34

of the previous work on Ar-N2 used a simple functional form to describe the35

intermolecular forces in the condensed phase. One of the reasons for that was36

that good classical models were already available for the pure components Ar37

and N2. Based on these models, one could use mixing rules for the interaction38

between Ar and N2 to reproduce pVT and VLE experimental data.39

Although the microscopic structure of the Ar-N2 has not been studied40

in the past at the conditions of our experiments, we note the study by41

Danylchenko et al. [18] of Ar-N2 clusters formed in isentropically expanding42

supersonic jets of Ar-N2 mixtures at various pressures and compositions at43

40 K. The amount of argon in the clusters was found to be always greater44

than its concentration in the gas phase. Also, for increasing Ar concentra-45

tion, a transformation from the hexagonal close packed (hcp) to an hcp +46

fcc (face-centered cubic) structure was observed. The latter finding is similar47

to a previous study of the Ar-N2 phase diagram by Barrett et al. [19] using48

x-ray diffraction. These authors found that the argon-rich solid solutions un-49

dergo a strain-induced transformation from hcp to fcc at low temperatures.50

Press et al. [20] used elastic and inelastic neutron scattering experiments51

to study solid solutions of Ar and N2 and found that adding Ar stabilizes a52

hexagonal disordered structure down to low temperatures without long-range53

orientational order. Langel [21] presented the librational spectrum of N2 in54

Ar in matrix isolation at 7 K and the results compared well with molecular55

dynamics (MD) simulations, albeit at a much higher temperature of 79 K.56
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Despite the fact that previous work on the Ar-N2 mixture is sparse, the57

pure components have been investigated using neutron scattering X-ray and58

MD simulations. Regarding Ar, de Schepper et al. [22] performed neutron59

scattering experiments on liquid Ar and observed short-wavelength sound60

modes at 120 K and 2 MPa. The same authors explained these experimental61

data along with newly reported measurements at 11.5 and 40.0 MPa using62

mode coupling theory [23]. van Well et al. [24] obtained the coherent dynamic63

structure factor, S(k, ω), in the liquid phase at 120 K and pressures between 264

and 39 MPa. Fredrikze et al. [25] measured the static structure factor S(k)65

at 140 K and subcritical densities, and used their results to estimate the66

intermolecular potential. Bafile et al. [26] measured the neutron Brillouin67

scattering at subcritical densities of Ar at 302 K and pressures of 8 and68

20 MPa. Their experimental results were in good agreement with extended69

hydrodynamic modes. Neutron Brillouin scattering in liquid Ar was obtained70

by Mos et al. [27] at temperatures between 120 and 141 K and pressures 2071

and 43 MPa. It was shown that linearized hydrodynamics predicted a weaker72

damping in the propagating density fluctuations than the experimentally73

observed. Pfleiderer et al. (see [28] and references therein) investigated the74

structure in the supercritical phase at 350 K using neutron diffraction and75

ab initio molecular dynamics simulations. Their results as well as previous76

work in the liquid phase at 85 K showed that the agreement between theory77

and experiment was very good. Bomont et al. [29] used the self-integral78

equation method to calculate the structure and thermodynamic properties79

at the supercritical conditions employed by Pfleiderer et al. [28], and showed80

that there were only small differences between an empirical and an ab initio81

potential.82

Regarding nitrogen in the condensed and gas phase, many studies have83

been performed to investigate its microscopic structure. For example in the84

solid phase, Powell et al. [30] used neutron scattering to study the β-phase at85

around 40 K and at various pressures up to 120 MPa. Sullivan and Egelstaff86

[31] obtained the structure factor at 296 and 300 K and densities of between87

0.34-0.4×1022 molecules cm−3 and the agreement of the experimental and88

theoretical data was not very good. In a later study, Sullivan and Egel-89

staff [32] obtained neutron scattering data at 160 K and densities of between90

0.24-0.56×1022 molecules cm−3 and reanalysed the previous data taking into91

account the inelasticity term. Overall, the agreement between theory and92

experiment was good but the available intermolecular potentials could not93

reproduce fully the data. Deraman et al. [33] measured neutron scatttering94
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at 294 K and 100 bar. Their experimental data were in best agreement with95

a site-site potential which included quadrupole moment. That potential was96

originally by Cheung and Powles [34] but the parameters were optimized97

by Deraman et al. resulting to a value of quadrupole moment around 20%98

higher than the experimental one. In the same year, Egelstaff et al. [35]99

investigated the structure and dynamics of dense nitrogen gas at tempera-100

tures around 296 K and at various densities up to 65% of the triple point101

density corresponding to pressures from 34 to 95 MPa. Egelstaff et al. [36]102

measured the neutron Brillouin scattering at room temperature and densities103

of 5.82 and 9.05 atoms nm−3 corresponding to pressures of 27 and 51 MPa.104

At those experimental conditions, a comparison between Navier-Stokes the-105

oretical treatment and generalized hydrodynamic calculations was possible.106

Youden et al. [37] measured the coherent scattering function, S(Q,ω) as Q107

is increased away from the hydrodynamic region for N2 at 295 K at pressures108

of 27.3 and 46.1 MPa, which correspond to densities of 0.9 and 1.3ρc, respec-109

tively. Backx et al. [38] performed simulations for previous measurements of110

the dynamic structure factor. They showed that the agreement between the111

site-site plus quadrupole model of Cheung and Powles and experiment on the112

dynamic structure factor was worse than the agreement on the static struc-113

ture factor, and suggested for improvements of the potential at short range.114

Potoff et al. [39] presented a non-polarizable all-atom transferable potential115

for phase equilibria (TraPPE) force field for N2 which could reproduce the116

VLE experimental results. Recently, Strak et al. [40, 41, 42] used ab initio117

quantum mechanical calculations to obtain the intermolecular PES, and to118

perform MD calculations of the equation of state and shear viscosity. More119

recently, Cioce et al. [43] derived two five-site potential energy function for120

N2, one including and one neglecting explicit induction effects, and used two121

differing sets of mixing rules. The proposed potential was efficient for solid,122

liquid, and gas phases. We also note that interaction-induced phenomena,123

such as absorption in the infrared, have been studied extensively [44, 45].124

The present study aims to provide a joint experimental and theoretical125

study of Ar-N2 supercritical mixtures. The critical constants of natural N2126

are Tc = 126.19 K, ρc = 11.1 mol/L, Pc = 33.978 bar [46], and of natural Ar127

are Tc = 150.86 K, ρc = 13.41 mol/L, Pc = 4.8979 bar [46]. The experiments128

were performed at temperature T = 1.02Tc, where Tc is the critical tempera-129

ture of the mixture. The critical temperatures of the mixtures at the required130

mole fractions were predicted prior to experiments based on previous mea-131

surements by Jones and Rowlinson [47]. Because of the apparatus employed132
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in ref. [47], the critical pressure of the Ar-N2 mixture was not measured133

[48]. In order to avoid the critical pressure, where fluctuations would be a134

problem, we chose pressures higher than the critical pressure of N2 which135

is the component with the higher critical pressure. The experiments in this136

work are accompanied by classical MD calculations. Also, quantum mechan-137

ical calculations were performed to provide an ab initio PES, and scattering138

calculations were performed at energies corresponding to the average tem-139

perature of the experiments and at room temperature.140

2. Methods141

2.1. Experimental142

Cylinders of argon and nitrogen were obtained from BOC gases and used143

without further purification. Measured volumes of these gases at constant144

pressures were used from these cylinders in order to produce mixtures of the145

two gases at the mole fractions shown in Table 1. In order to allow complete146

mixing, the mixtures were stored in separate cylinders for approximately one147

week. The flat plate pressure cell was made from an alloy of Ti and Zr in148

the mole ratio 0.676:0.324, which contributes almost zero coherent scattering149

to the diffraction pattern [49]. In the region of the neutron beam (30 mm x150

30 mm), the pressure cell had front and back window thicknesses of 3.5 mm,151

and the gas occupied the space (3 mm) between the walls. The container152

was placed at right angle to the neutron beam. A gas handling rig was153

connected to the cell to control the pressure of the gas. A top loading closed154

cycle helium refrigerator was used to control the temperature within ± 1 K,155

using He exchange gas at 20 mbar to provide temperature uniformity. The156

employed temperature was T = 1.02Tc, where Tc is the critical temperature157

of the mixture. The critical temperatures of the mixtures at the required158

mole fractions were predicted using eq.1 in ref. [47]. The properties (Tc, Pc,159

ρc) of the mixtures shown in Table 1 were calculated using REFPROP [50]160

after our measurements.161

Total neutron scattering measurements were performed on the NIMROD162

diffractometer at the ISIS pulsed neutron source [51]. Absolute values of163

the differential cross sections were obtained from the raw scattering data164

by normalising the data to the scattering from a slab of vanadium of known165

thickness, and were further corrected for background and multiple scattering,166

container scattering and self attenuation, using the Gudrun data analysis167

program [52]. Finally the data were put on absolute scale of barns per atom168
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Table 1: xN2
-Texp-Pexp state points employed in the neutron scattering measurements.

The REFPROP [50] was used to predict the density, ρREFPROP (kg/m3), corresponding
to the experimental conditions and the critical point (Tc, Pc, and ρc (kg/m3)).

xN2 Texp (K) Pexp (bar) ρREFPROP Tc (K) Pc (bar) ρc
0.00 154.1 48.9±0.5 288.29 150.69 48.63 535.60

97.8±1.0 910.61
0.25 147.7 48.9±0.5 342.63 144.64 45.74 478.98

97.8±1.0 813.71
0.50 141.2 48.7±0.4 488.95 138.44 42.18 423.60

96.9±1.1 728.29
0.75 134.8 48.9±0.1 509.84 132.28 38.22 368.57

92.2±4.9 644.33
1.00 128.4 49.4±0.6 484.62 126.19 33.96 313.30

94.0±4.7 575.37

per sr by dividing by the number of atoms in the neutron beam (1 barn =169

10−28m2). The experimental SM: F (Q) along with the fit using empirical170

potential structure refinement (EPSR) simulations are shown in Figs. 1 and171

2. A Lennard-Jones (LJ) potential was employed to describe each Ar and N172

atom, with additional charges of -0.482 e on each of the N atom and a counter173

charge of +0.964 e on the centre-of-mass (com) of the dinitrogen molecule.174

Initially, LJ parameters identical to those described in the MD Section 2.2.1175

and a nitrogen bond length of 1.12 Å were employed. Although these initial176

EPSR simulations could reproduce the high-Q data, the agreement at low-177

Q was not satisfactory. There was a mismatch in the position of the main178

diffraction peak near Q = 2 Å, and the rise at low Q was too large in the179

simulation apart from the case of pure Ar, where the quality of the neutron180

data was poor because of the weak signal. For that reason, a modified LJ181

potential was developed to give a closer fit to the neutron data. The values182

of the LJ parameters so obtained were ε/kB = 114.25 K and σ = 3.345 Å for183

Ar, and ε/kB = 30.30 K and σ = 3.430 Å for N. The average bond length184

found in the EPSR simulations was 1.09 Å, with a RMS deviation of 0.048 Å185

corresponding to the zero-point quantum effect.186
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Figure 1: Comparison between experimental SM: weighted sum of the partial structure
factors F (Q) (points) for Ar–N2 mixtures at around 49 bar with EPSR simulation results
(lines) discussed in Section 2.1. SM: The curves for lower xN2

have been shifted along the
y-axis by 2, 4, 6, and 8.

2.2. Computational187

2.2.1. Classical molecular dynamics188

Classical molecular dynamics simulations in the NPT and the NVT en-189

semble were performed for pure supercritical Ar and N2, as well as their190

binary mixtures. The mole fraction of N2 in the simulated mixtures was191

0.25, 0.50 and 0.75, respectively. The thermodynamic state points of the192

simulated systems corresponded to a temperature of T = 1.02Tc, where Tc193

is the experimental critical temperature of each system (pure and mixture),194

and to pressures of 48.9 and 97.8 bar.195

In all simulations, a cubic box containing in total 500 molecules (atoms196
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Figure 2: Comparison between experimental SM: weighted sum of the partial structure
factors F (Q) (points) for Ar–N2 mixtures at pressures between 92 and 98 bar with EPSR
simulation results (lines) discussed in Section 2.1. SM: The curves for lower xN2

have been
shifted along the y-axis by 2, 4, 6, and 8.

in the case of Ar) was used and periodic boundary conditions were also em-197

ployed. The selection of the force fields for Ar and N2 had to ensure that the198

employed potential models predict with very good accuracy the critical tem-199

perature of the fluids, since the experimental measurements were performed200

very close to the critical temperature. Several trial tests were performed in201

order to ensure that the computationally predicted phase behavior of the202

fluids at the experimental conditions does not correspond to vapor-liquid203

equilibrium but to the supercritical phase. Our tests suggested that the LJ204

potential model developed by Vrabec et al. [53] for Ar (ε/kB = 116.79 K,205

σ = 3.3952 Å), and the non-polarizable all-atom transferable potential for206
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phase equilibria, TraPPE, force field [39] for N2 were sufficient to describe207

the mixtures. The reason for this is that these force fields have been de-208

veloped in order to predict very accurately the critical point of the systems209

and therefore they have been selected to be used in our simulation studies.210

The potential for N2 employs a 12-6 LJ potential for each N atom (ε/kB211

= 36.0 K, σ = 3.31 Å) which are separated by 1.10 Å. It also includes point212

charges at the nitrogen atoms (q = -0.482 e), and a charge (-2q = +0.964 e)213

on the center-of-mass (com) of N2 to account for the quadrupole moment of214

molecular nitrogen and achieve charge neutrality.215

NPT-MD simulations were first performed to predict the densities of the216

systems under investigation and then NVT-MD simulations were carried out217

at the calculated densities in order to calculate the structural, transport and218

dynamic properties of the fluids. The simulated systems were equilibrated219

for 2 ns in all simulations and the system properties were obtained in subse-220

quent 1 ns production runs. The equations of motion were integrated using221

a leapfrog-type Verlet algorithm and the integration time step was set to222

1 fs. A Nose-Hoover thermostat and barostat with a temperature relaxation223

time of 0.5 and 1.0 ps, respectively, were used to constrain the temperature224

and the pressure during the simulations. The intramolecular geometry of N2225

molecules was constrained using the quaternion formalism. A cut-off radius226

of 12.0 Å was applied for the intermolecular interactions and long-range cor-227

rections were also taken into account. The Ewald summation technique was228

employed to account for the long-range electrostatic interactions.229

2.2.2. Ab initio potential energy surfaces and quantum scattering calcula-230

tions231

We carried out closed-shell explicitly correlated coupled-cluster calcula-232

tions with single-, double-, and non-iterative triple-excitations [CCSD(T)-233

F12a] [54, 55] for the Ar-N2(X
1Σ+

g ) complex. The coupled-cluster method234

is currently a state-of-the-art method that can recover most of the cor-235

relation energy, which is very important in the dispersion-bound van der236

Waals complexes such as Ar-N2. We performed CCSD(T)-F12a calculations237

with the augmented correlation consistent triple-zeta basis (aug-cc-pVTZ)238

[56, 57, 58, 59] supplemented with mid-bond functions (3s3p2d2f1g1h). The239

bond functions were described by placing dummy atom in the half distance240

between Ar and center of mass of the N2 molecule and constructed with the241

following exponents: (3s3p : 0.9, 0.3, 0.1), (2d2f : 0.6, 0.2), (gh : 0.3). We242

used the scaled F12 triples correction [55] as implemented in MOLPRO [60]243
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to estimate the effect of explicit correlated treatment on the triple corrections244

which are not explicitly-correlated as currently implemented. To determine245

interaction energies necessary to construct the potential energy surface (PES)246

from the CCSD(T)-F12 calculations we applied the counterpoise method of247

Boys and Bernardi [61] to estimate the basis set superposition error (BSSE),248

in which we subtract the energies of the fragments computed in the dimer249

centered atomic orbital basis. The interaction energy is defined as250

V (R, θ) = E(Ar−N2)(R, θ)− E(Ar)(R, θ)− E(N2)(R, θ). (1)

Electronic structure calculations were performed on a two-dimensional251

grid of Jacobi coordinates composed of 42 radial distances from R = 3.5a0252

to 30a0 with a step of 0.25a0 (between 3.5 and 10 a0), 0.5a0 (between 10253

and 12 a0), 1.0a0 (between 12 and 16 a0) and 2.0a0 (between 16 and 30 a0).254

The Jacobi R distance of Ar is measured from the center of mass of the N2255

molecule and the N2 diatomic distance was fixed at the equilibrium value of256

r = 2.0743a0. The Jacobi angle θ describing the rotation of the Ar around257

N2 molecule was represented by 10 grid values with a step of 10◦ from 0◦ to258

90◦. The total grid therefore is composed of 420 ab initio points.259

In order to perform scattering calculations we needed to fit the discrete set260

of PES points to analytical expression. We expand the angular dependence261

of the PES in the series of Legendre polynomials P 0
l (cos θ) restricted to even-262

valued l index due to homonuclearity of the N2 molecule:263

V (R, θ) =
9∑

l=0

Vl2(R)P 0
2l(cos θ). (2)

The long-range, Vlr, of the PES for the distances R > 20a0 is fitted to264

the following expansion involving Cn dispersion coefficients:265

Vlr(R, θ) =
5∑

n=3

2n−4∑
l=0

C2n,2l

R2n
P 0
2l(cos θ). (3)

The radial coefficients from the angular expansion of the PES are repre-266

sented by Reproducing Kernel Hilbert Space (RKHS) interpolation method [62]267

with a radial kernel of R−6 type. The final fitted PES is then composed of268

the Legendre expansion and long-range expansion by smoothly gluing them269

together in the long-range by hyperbolic tangent function. The first few ra-270

dial expansion coefficients Vl2(R) are shown in Fig. 3. One can see that V8271

radial coefficients is already quite small in the region of the global minimum.272
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Figure 3: The first five radial expansion coefficients (see eq. 2) of the Ar-N2 CCSD(T)-
F12a PES.

The contour plot of the fitted Ar-N2 PES is shown in Fig. 4. The global273

minimum with De = 98.66 cm−1 is located at the T-shaped geometry (i.e.,274

θe = 90◦) at the equilibrium distance of Re = 7.00a0. The collinear geome-275

tries for θ = 0◦ or θ = 180◦ represent saddle points at R = 8.04a0 and energy276

of -75.33 cm−1.277

We performed bound state calculations for the Ar-14N2 van der Waals278

complex using the new PES developed in this work. The dissociation energy279

of the complex was determined to be D0 = 76.86 cm−1. The bound states280

were calculated using the radial numerical basis set functions obtained from281

one-dimensional distributed Gaussian basis set calculations on the radial cut282

passing through global minimum. We used 30 radial basis functions, and283

angular basis constructed with rotational functions of N2 up to jmax = 16284
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Figure 4: Contour plot of the ab initio CCSD(T)-F12a PES for the Ar-N2 van der Waals
complex. Energy in units of cm−1.

with a N2 rotational constant of 1.98957 cm−1.285

The 14N2 exists in separate ortho levels (with total nuclear spin I = 0 or286

2) and para levels (with I = 1) because of the non-zero nuclear spin of 14N (I287

= 1). The ortho to para ratio is 2:1, with the ortho populating only even (j =288

0, 2, . . .) levels, and the para only odd (j = 1, 3, . . .) levels. Integral (ICS)289

and differential (DCS) cross sections were obtained using the HIBRIDON290

program [63]. The wavefunction was propagated using the improved log-291

derivative propagator by Manolopoulos and co-workers [64, 65]. We followed292

closely the approach presented in previous work on Ar/Xe + N2 collisions293

[66, 67]. A rigid rotor model with rotational constant, B, of 1.98957 cm−1 was294

used to describe the N2 molecule and the reduced mass of the Ar-N2 system295

was 16.46621 amu. Calculations were performed for total energies up to 1435296
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and 1534 cm−1 for systems containing ortho and para systems, respectively.297

The maximum value of the rotational quantum number of the N2 molecule298

was 60, and the maximum value of the total angular momentum quantum299

number was 310.300

3. Results and discussion301

3.1. Intermolecular structure and transport coefficients302

The intermolecular structure of the mixtures has been studied in terms303

of the experimental pair radial distribution functions (g(r) or RDFs) which304

are shown in Figs. 5 and 6 for the pressures of around 49 bar and 92-98 bar,305

respectively. The g(r) shown in Figs. 5 and 6 have been obtained using the306

experimental structure factors, the empirical potential structure refinement307

(EPSR) simulations and the modified LJ described in Section 2.1.308

The RDFs shown in Figs. 5 and 6 are for Ar–Ar, Ar–N, Ar–N2(com),309

N–N, N–N2(com), and N2(com)–N2(com) separations, where for simplicity310

in notation we use N2(com) to denote the centre of mass of the dinitrogen311

molecule. The MD g(r) distributions at 48.9 bar and 97.8 bar are shown312

in Fig. 7. We note that all these g(r) show similar shape and exhibit two313

peaks, with the second peak of a significantly lower intensity compared with314

the first peak. The existence of a clear first minimum in the RDF suggests315

the formation of a first coordination shell around each molecule. At higher316

pressures a clear second minimum is observed because at these conditions317

the mixtures exhibit a liquid-like microscopic structure [68, 67]. At all the318

pressures studied in this work, the height of the first peak decreases in the319

following order: Ar–Ar > Ar–N2(com) > Ar–N and N2(com)-N2(com) > N–320

N2(com) > N–N. Regarding the positions of the first peak: Ar–Ar < Ar–N321

≈ Ar–N2(com). We also note that the concentration effect on the shape of322

the RDF is not strong at high pressures.323

A comparison between some representative EPSR and MD atom-atom324

RDFs is shown in Fig. 8. Although the comparison is shown for the pressure325

of 48.9 bar, the agreement is very good for the higher pressure as well. The326

EPSR and MD produce similar RDFs but the former is somewhat better in327

reproducing the total structure factors. As shown in Table 2, the densities328

from the MD are in good agreement with the predictions using REFPROP329

[50], which were used in the EPSR simulations.330

In order to investigate the local composition in the simulated mixtures,331

the first shell coordination numbers corresponding to the com-com RDFs332
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Figure 5: Experimental pair radial distribution functions (RDF) for the Ar-Ar, Ar-N,
Ar-N2(com), N-N, N-N2(com), and N2(com)-N2(com) separations of Ar-N2 mixture at
various values of N2 mole fractions at around 49 bar: pure Ar (blue), xN2

= 0.25 (green),
xN2 = 0.50 (black), xN2 = 0.75 (magenta), pure N2 (red).
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Figure 6: Experimental pair radial distribution functions (RDF) for the Ar–Ar, Ar–N,
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= 0.25
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were also obtained. The coordination numbers were calculated using a cut-333

off distance of 5.95 Å which corresponds to the first coordination shell, are334

presented in Table 2. Using these coordination numbers, the local mole335

fractions in the first solvation shell of each individual Ar and N2 have been336

calculated. These local mole fractions reach their bulk values at very short337

distances in the range of the first solvation shell. This shows that local com-338

position enhancement and aggregation effects are not pronounced in these339

mixtures. Similar analysis was employed in previous studies. For example,340

strong aggregation effects between the ethanol cosolvent molecules in CO2-341

CH3CH2OH was observed [69, 70]. As in the case of supercritical CO2-CH4342

mixtures [71], no aggregation effects were observed in the Ar-N2 systems343

studied here.344

Apart from the calculated atom-atom RDFs, the local orientational or-345

der in the mixtures was investigated by calculating angular distributions for346

pairs of Ar-N2 and N2-N2 molecules. The pairs taken into account in the347

calculations have an intermolecular (com-com) distance less than or equal to348

5.95 Å which corresponds to the first coordination shell radius. In the case349

of the N2-N2 pairs, θ is defined as the angle between the N-N bond vectors of350

the two N2 molecules. In the case of Ar-N2 pairs, θ is the angle between the351

Ar-N2(com) vector and the N-N bond vector of the N2 molecule. The calcu-352

lated normalized angle distributions P (θ) for some representative mixtures353

are shown in Fig. 9. These distributions exhibit peaks at about 90 ◦ and354

their average θ values are also very close to 90 ◦, due to the symmetry of the355

obtained distributions. It is interesting to notice that this behaviour is ob-356

tained for both Ar-N2 and N2-N2 pairs, signifying that the so-called T-shaped357

dimer structures are preferred in these supercritical mixtures. The shape of358

the obtained distribution does not change in the range of pressures and com-359

positions studied, indicating that pressure-induced orientational order effects360

[72] are not important at these conditions.361

The self-diffusion coefficients of both components in the mixture were ob-362

tained from the MD calculations using the Einstein equation and the linear363

region of the mean squared displacement (MSD) versus time. Results for364

all the mole fractions are shown in Table 3. To the best of our knowledge,365

there are not any experimental measurements of the self-diffusion coefficients366

at the thermodynamic state points employed in the neutron scattering mea-367

surements.368
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Table 2: Comparison between the MD results for the density, ρMD (g/cm3), at T = 1.02Tc
with predictions, ρREFPROP (g/cm3), using REFPROP [50] for the xN2 -Texp-Pexp state
points employed in the neutron scattering measurements (Table 1). The coordination
numbers were obtained using a cut-off of 5.95 Å corresponding to the first coordination
shell. nAr−N2

corresponds to N2 molecules in the coordination shell around Ar, and nN2−Ar

corresponds to Ar atoms in the coordination shell around N2.

xN2 PMD (bar) ρMD ρREFPROP nAr−Ar nAr−N2 nN2−N2 nN2−Ar

0.00 48.9 0.2755 0.2883 4.20 - - -
97.8 0.9223 0.9106 11.77 - - -

0.25 48.9 0.3280 0.3426 4.02 1.30 1.24 3.89
97.8 0.8162 0.8137 8.51 2.82 2.76 8.46

0.50 48.9 0.5340 0.4890 4.29 4.21 4.11 4.21
97.8 0.7280 0.7283 5.56 5.50 5.45 5.50

0.75 48.9 0.5280 0.5098 2.30 6.78 6.67 2.26
97.8 0.6479 0.6443 2.70 8.13 8.03 2.71

1.00 48.9 0.4921 0.4846 - - 9.21 -
97.8 0.5767 0.5754 - - 10.63 -

3.2. Quantum calculations of bound states and scattering369

The contour plot of the rovibrational ground state wavefunction for the370

Ar-N2 van der Waals complex is shown in Fig. 10. This wavefunction has371

a maximum for the T-shaped geometry but has a significant amplitude also372

for the collinear geometries meaning that the rotation of the N2 molecule is373

not much hindered. The average expectation value of R calculated with this374

wavefunction is < R >= 7.304a0 and the rotational constant of the complex375

B0 = 0.069 cm−1. This calculated rotational constant agrees well with the376

experimental one of 0.071 cm−1 from Jäger et al. [13]. A comparison between377

the ab initio and the classical potential used in the MD simulations is shown378

in Fig. 11 for two collision energies which correspond to the average temper-379

ature of the experiments (141 K = 98.14 cm−1) and to the room temperature380

(298 K = 207.12 cm−1). The differences between the two potentials are small;381

the MD potential is more attractive than the ab initio at θ = 90◦ but the382

reverse is true at θ = 0◦ (and by symmetry at θ = 180◦). These findings are383

in excellent agreement with the results obtained by the angular distributions384

presented in Fig. 9, indicating that the T-shaped Ar-N2 and N2-N2 dimer385

structures are predominant in the supercritical mixtures under study.386

The full set of bound states for the Ar-N2 complex for the total angular387

21



Table 3: MD results for self-diffusion coefficients of Ar-N2 mixtures

xN2 T (K) P (bar) DN2 (10−9m2/s) DAr (10−9m2/s)
0.00 154.1 48.9 - 59.75

97.8 - 13.51
0.25 147.7 48.9 49.52 45.36

97.8 14.66 13.72
0.50 141.2 48.9 23.44 23.00

97.8 13.97 14.13
0.75 134.8 48.9 19.87 18.74

97.8 14.06 14.07
1.00 128.4 48.9 18.91 -

97.8 13.89 -

momentum quantum numbers from J = 0 to J = 4 is shown in Tables 4388

and 5 for the total parity +1 and −1, respectively. Our calculated bound389

states can be compared to previous theoretical results of Munteanu et al. [14]390

and experimental results of Jäger et al. [13]. We show this comparison in391

Table 6 for selected J ′K′
aK

′
c
− J ′′K′′

aK
′′
c

transitions, where J is a total angular392

quantum number and Ka and Kc its projection quantum numbers of the393

asymmetric rotor. The agreement between the experimental and previous394

results is excellent showing that our new PES is of good quality and can be395

used to determine other properties of the Ar-N2 complex.396

A comparison between calculated QM ICS for Ar + ortho-N2 (υ, j =397

0, 2) and Ar + para-N2 (υ, j = 1, 3) for various final N2 rotational levels398

at a collision energy of 98.139 and 207.12 cm−1 is shown in Fig. 12. The399

cross sections exhibit high values for the elastic collisions. The ICS decreases400

with increasing energy gap between the initial and final levels in inelastic401

collisions. Regarding inelastic excitation from the lowest N2 rotational levels,402

the Ar + ortho-N2 ICS are higher than the Ar + para-N2. The same trend403

was observed in the similar Xe + N2 system at 241 cm−1 by Dellis et al.404

[67]. Comparing the values of Xe + N2 ICS presented there with the Ar +405

N2 ICS obtained in our study we observe that for inelastic excitation from406

the lowest N2 rotational transitions, Ar + para-N2 ICS are higher than Xe407

+ para-N2. The same trend is observed in collisions with ortho-N2 for high408

final N2 rotational levels and the reverse is true for low final levels. The409

differences in the ICS between Ar-N2 and Xe-N2 arise both because of the410

different reduced masses (16.47 and 23.09 amu, respectively) but also because411
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Table 4: Bound states (in cm−1) of Ar-N2 complex supported by the CCSD(T)-F12a PES
for values of J = 0 to 4 for the total parity p = +1.

n J = 0 J = 1 J = 2 J = 3 J = 4
1 -76.859 -76.723 -76.450 -76.041 -75.496
2 -59.629 -60.457 -67.164 -66.763 -66.228
3 -46.731 -59.460 -60.279 -59.996 -59.599
4 -40.199 -46.611 -59.131 -58.654 -58.036
5 -28.447 -40.475 -46.371 -46.011 -45.532
6 -25.072 -39.967 -43.034 -42.698 -42.250
7 -18.248 -28.338 -40.356 -40.116 -40.181
8 -11.934 -25.011 -39.585 -39.073 -39.750
9 -9.347 -23.743 -28.184 -35.430 -38.436
10 -6.298 -19.467 -28.108 -27.866 -34.886
11 -2.392 -18.115 -24.877 -27.740 -27.454
12 -0.538 -11.841 -23.429 -24.654 -27.239
13 0.000 -9.255 -22.282 -22.979 -24.332
14 0.000 -7.887 -19.255 -21.951 -22.408
15 0.000 -6.202 -17.849 -18.934 -21.509
16 0.000 -2.332 -11.655 -17.453 -18.502
17 0.000 -0.498 -9.070 -11.377 -16.930
18 0.000 0.000 -8.309 -11.315 -14.021
19 0.000 0.000 -7.586 -8.798 -11.007
29 0.000 0.000 -6.010 -8.086 -10.813
21 0.000 0.000 -4.181 -7.181 -8.440
22 0.000 0.000 -2.212 -5.719 -7.745
23 0.000 0.000 -0.418 -3.857 -6.685
24 0.000 0.000 0.000 -2.032 -5.327
25 0.000 0.000 0.000 -0.302 -3.425
26 0.000 0.000 0.000 0.000 -1.794
27 0.000 0.000 0.000 0.000 -0.154

the intermolecular potential is more attractive in the Xe + N2 case (the well412

depths are 99 and 120 cm−1, respectively). Future work will examine the role413

of the mass in this difference and provide the thermal rate coefficients from414

the calculated cross sections.415

The DCS for Ar + ortho-N2 (υ, j = 0) and Ar + para-N2 (υ, j = 1)416

collisions at a collision energy of 98.139 and 207.12 cm−1 are shown in Fig.417
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Table 5: Bound states (in cm−1) of Ar-N2 complex supported by the CCSD(T)-F12a PES
for values of J = 1 to 4 for the total parity p = −1.

n J = 1 J = 2 J = 3 J = 4
1 -60.408 -67.164 -66.763 -66.228
2 -40.358 -60.141 -59.740 -59.206
3 -23.783 -43.033 -42.696 -42.247
4 -19.443 -40.088 -39.683 -40.181
5 -7.882 -28.172 -35.430 -39.145
6 0.000 -23.535 -27.812 -34.886
7 0.000 -22.282 -23.164 -27.333
8 0.000 -19.186 -21.949 -22.673
9 0.000 -8.313 -18.800 -21.502
10 0.000 -7.569 -11.315 -18.288
11 0.000 -4.181 -8.103 -14.021
12 0.000 0.000 -7.138 -10.814
13 0.000 0.000 -3.857 -7.789
14 0.000 0.000 0.000 -6.599
15 0.000 0.000 0.000 -3.424

Table 6: Comparison for selected Ar-N2 transitions between this work, previous results of
Munteanu et al. [14] and experimental results of Jäger et al. [13] (in cm−1)

J ′K′
aK

′
c
− J ′′K′′

aK
′′
c

Expt., Ref. [13] Calc., this work Calc., Ref [14]

101 − 000 0.136945 0.136417 0.135934
202 − 101 0.273842 0.272786 0.271825
303 − 202 0.410644 0.409061 0.409250
404 − 303 0.547304 0.545192 0.545447
505 − 404 0.681131 0.681455
212 − 111 0.268252 0.267338 0.266321
313 − 212 0.402248 0.400914 0.399353
414 − 313 0.536087 0.534378 0.532225
515 − 414 0.667693 0.667275

13 for various final N2 rotational levels. The DCS exhibit oscillations due to418

quantum interference like in the Ar + NO collisions [73]. As discussed by419

Dellis et al. [67], these oscillations are much more pronounced in collisions of420

a rare gas and molecular nitrogen because of the more homonuclear terms in421

the interaction potential compared with the Ar + NO, where heteronuclear422
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terms also exist. The DCS exhibit more backwards scattering for collisions of423

Ar + ortho-N2 than in the Ar + para-N2 case. The same effect was observed424

in Xe + N2 collisions [67]. The DCS exhibit a preference for forward scatter-425

ing especially for low rotational excitations at 207.12 cm−1. At 98.139 cm−1,426

the DCS exhibit a more symmetric shape possibly because of the production427

and breaking of an intermediate van der Waals complex. Future work will428

provide information on the energy dependence of the stereodynamics in Rg429

+ N2 collisions.430

4. Conclusions431

Neutron scattering experiments were reported for the first time on su-432

percritical Ar-N2 mixtures for temperatures between 128.4 - 154.1 K and433

pressures between 48.7 - 97.8 bar. The experiments provided information434

regarding the microscopic structure which was shown to be not very sensi-435

tive to the mole fractions. SM: Future experiments using 36Ar and/or X-rays436

may improve significantly the signal-to-noise ratio.437

The MD calculations, which employed well-established potential models,438

agreed well with the experiments and provided also the values of the diffusion439

coefficients. As shown by calculating the local coordination numbers and440

the corresponding local mole fractions, local composition enhancement and441

aggregation effects are not pronounced in these Ar-N2 mixtures near their442

critical temperatures.443

A new ab initio PES was developed and the intermolecular potential was444

in reasonable agreement with the MD model. The PES was employed for445

bound calculations and to provide ICS and DCS for rotational excitation at446

collision energies relevant to the experimental temperature and also to the447

room temperature. Future work will provide the thermally averaged rate448

coefficients for Ar + N2 inelastic collisions, and compare the classical MD449

with quantum Born-Oppenheimer MD simulations.450
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Figure 10: Contour plot of the ground state wavefunction corresponding to bound state
energy of -76.86 cm−1.

34



0 20 40 60 80 100 120 140 160 180

 / deg

5.8

6

6.2

6.4

6.6

6.8

7

7.2

R
 /

 a
0 Ab initio

E
col

=98.14 cm -1

E
col

=207.12 cm-1

Classical

Figure 11: Comparison of the quantum mechanical (solid line) and classical (dashed line)
Ar-N2 interaction potential from this work at a collision energy of 98.139 and 207.12 cm−1.
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Figure 12: Comparison of calculated ICS for Ar + ortho-N2 (υ = 0, j = 0) → Ar +
ortho-N2 (υ = 0, j = 0 - 8) at Ecol of 98.139 and 207.12 cm−1 (filled and empty blue
squares, respectively) and Ar + para-N2 (υ = 0, j = 1) → Ar + para-N2 (υ = 0, j =
1 - 9) at Ecol of 98.139 and 207.12 cm−1 (filled and empty red circles, respectively) as a
function of the final N2 level.
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Figure 13: Upper panel: comparison of calculated DCS for Ar + ortho-N2 (υ = 0, j =
0) → Ar + ortho-N2 (υ = 0, j = 0 - 8) collisions at Ecol of 98.139 and 207.12 cm−1 (left
and right, respectively). The final N2 j levels are shown on the figure. Lower panel: as
previously, but for Ar + para-N2 (υ = 0, j = 1) → Ar + para-N2 (υ = 0, j = 1 - 9)
collisions.
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