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Abstract

Thermodynamics, microscopic structure and (single molecule and collective) dy-
namics in Xe-N2 supercritical mixtures were studied using Molecular Dynamics
simulations at a temperature of T = 323 K. The results agree well with previ-
ous experimental work on PVT-data and depolarized Rayleigh light scattering
(DRLS). By using the corresponding DRLS time-correlation functions (TCFs),
the contribution of orientational, interaction-induced and cross terms in the total
DRLS TCF were evaluated. At all densities studied, the orientational part was
found to be the most dominant. The Molecular Dynamics interaction potential
model was compared with the most recent ab initio interaction potential energy
surface (PES). Furthermore, quantum mechanical scattering calculations on the
ab initio PES were used to provide integral and differential cross sections.
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1. Introduction

Supercritical fluids (SCF) have unique properties that have led to a rich va-
riety of chemical applications including production of pharmaceutical products
and essential oils, green chemistry, nuclear reactors and formation of nano- and
micro-particles. Rare gases, nitrogen, carbon dioxide and water are among the
most common supercritical (SC) systems. This work presents the first theoretical
study that examines the density and concentration dependence of various proper-
ties in Xe-N2 SC mixtures. The Xe-N2 system has not been studied as extensively
as the similar system Ar-N2.

However, there is some previous work on this system. PVT data have been
obtained by Brewer [1] and Collet [2]. Ewald [3] measured the solubility of so-
lid Xe in compressed N2 at 150 and 155 K, and Teller and Knapp [4] studied
the solid-liquid equilibria for Xe-N2 at temperatures between 91.0 and 160.4 K.
Early work includes the measurements of thermal conductivity of Xe-N2 at 30 and
45◦C and pressure of 10 cm of Hg by Barua [5], and the theoretical estimations of
thermal conductivities at 30◦C based on diffusion coefficients [6]. Heymann and
Kistemaker measured the thermal diffusion factors, αT, at 300-700 K (20-40 cm
Hg) using trace concentrations of radioactive 133Xe [7]. Paul and Srivastava mea-
sured the mutual diffusion coefficient, D12, between -30 and +60◦C, and evaluated
thermal conductivities between 242.2 and 334.2 K at pressures between 63.2 and
86.3 mm Hg [8]. Kistemaker and de Vries used acoustical absorption measure-
ments to study the rotational relaxation in Xe + N2 collisions [9]. The Xe-N2

gas scintillators at high-pressures [10], and later [11] at low pressures have also
been studied. Straub and Waibel used mixed Lennard-Jones (LJ) rules to describe
the system [12], and Thomson [13, 14] used computer simulations to calculate
diffusion coefficients, thermal diffusion coefficients, viscosity, and thermal con-
ductivity at 303.16 K. His results were in good agreement with previous work
on thermal conductivity [5, 6]. Trengove and Dunlop measured binary diffusion
coefficient at 275-323 K, the concentration dependence of D12 at 300 K and 50
Torr, and thermal diffusion factors at 300 K and 30kPa [15]. A year later, they
measured thermal diffusion factors at 253.29 and 274.24 K [16].

The first spectroscopic work was the measurement of the Far-infrared (FIR)
absorption at room temperature and low densities by Guillot [17]. These measu-
rements were later simulated by Roco et al. [18] who used quantum theory and a
classical free linear rotor. Patrick et al. [19] measured electron drift velocities in
Xe and Xe-N2 mixtures. Although the Ar-N2 van der Waals complex was obser-
ved by Herrebout et al. [20] using infrared spectroscopy, a similar attempt for the
detection of Xe-N2 at 80-123 K in the liquid phase was not successful. Aquilanti
et al. [21] presented a theoretical study of the vibrationally selective electronic
energy transfer in collisions of metastable Xe with N2 molecules, and Cappelletti
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et al. [22] measured absolute total cross sections for the ground (X 1Σ+
g ) and me-

tastable state (A 3Σ+
u ) of N2 in collisions with Xe. Aquilanti et al. [23] measured

total (elastic+inelastic) cross sections for Xe-N2 collisions for initial relative velo-
cities up to 2300 m/s, i.e. at collision energies between 40 and 600 meV (323 -
4839 cm−1). de Dios and Jameson [24] presented the first ab initio calculations of
the 129Xe nuclear shielding surfaces of Xe interacting with N2, and the calculations
from that work underestimated significantly the pressure virial coefficient.

Kooi et al. [25] measured a negative jump in the Raman shift in the nitrogen
at the transition from the liquid to the solid phase in Xe; they explained that by
analyzing the Xe-N2 pair distribution functions for parallel and perpendicular ge-
ometries. Kooi and Schouten [26] used a high pressure (up to 13 GPa) Raman
investigation of mutual solubility and van der Waals formation in Xe-N2 at 408 K.
Patton et al. [27] measured the chemical shift of hyperpolarized 129Xe dissolved
in liquid N2.

Wen and Jäger [28] presented a microwave study of the Xe-N2 accompanied
by the most recent potential energy surfaces (PESs). The first PES, hereafter
called PES-I, was constructed using coupled-cluster level of theory with single,
double, and perturbatively included triple excitations [RCCSD(T)], and aug-cc-
pVTZ basis sets with additional polarization functions for Xe. The second PES,
hereafter called PES-II, employed the same level of theory but with a newly con-
structed aug-cc-pV5Z-PP basis set with small-core relativistic pseudopotentials
for Xe. Both PES predicted a single minimum at a T-shaped geometry at an in-
termolecular separation R = 4.10 Å with well depths of 122.4 cm−1 (PES-I) and
119.3 cm−1 (PES-II). In order to achieve better agreement with the spectroscopic
constants, Wen and Jäger scaled the PES. The best fit was achieved when they
reduced the R by 0.058 Å and lowered the potential energy for the whole surface
by 3.8% · (cosθ).

The present study aims to provide a joint computational and experimental in-
vestigation regarding thermodynamic, structural and dynamical properties of Xe-
N2. A particular reason for selecting this system was to investigate collision-
induced phenomena in depolarized Rayleigh scattering of mixtures composed of
a linear molecule, such as N2, and a spherical molecule with high polarizability,
such as Xe.

2. Computational Methods

2.1. Classical molecular dynamics (MD) simulations
The simulations were performed using an ensemble of 5324 molecules (N2 and

Xe) in a cubic box with the usual periodic conditions. The equations of motion
were solved using the leapfrog algorithm. All MD calculations were performed
with DL_POLY [29] package.
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The simulations were carried out using LJ potential model for the Xe-Xe
atoms and site-site LJ plus electrostatic terms using point charges for the N2-
N2 interaction terms. The Xe potential parameters were adjusted to reproduce
the experimental data of pure Xe at a wide range of densities and temperatures.
The method described in [30] was used to optimize the Xe-Xe interactions. The
quality of the derived Xe-Xe parameters in PVT data prediction is presented in
Figure 1. The potential parameters for N2 are those of ref. [31]. As mentioned by
Mueller et al. [31], the electrostatic charges employed give a quadrupole moment
which in absolute size is slightly lower than the experiment one in order to ac-
count for electrostatic induction. For the cross interactions the Lorentz-Berthelot
combining rules were used. The runs were performed at mole fractions of N2, 0.2
≤ xN2 ≤ 1, at three densities (total concentrations) for each mole fraction where
experimental data were available [2]. An initial run of 4 × 105 steps (∼ 190 ps)
was carried out followed by 106 steps (∼ 472 ps) for the production run. The cut-
off radius was 16 Å, and the standard Ewald summation technique has been used
for the electrostatic interactions. The details of the simulations are summarized in
Table 1.

Table 1: Interaction potential model, polarizabilities, and the simulated thermodynamic states of
the mixtures.

Xe-Xe
ε/kB [K] 222.11
σ [Å] 3.9342
α [33] [Å3] 4.02

N-N
Bond length [Å] 1.098
ε/kB [K] 36.4
σ [Å] 3.32
qN |e| -0.408
qCOM |e| +0.816
α [Å3] 1.76
γ [Å3] 0.92
Time step [fs] 0.4726

Thermodynamic states
T [K] 323
Total conc. [mol/L] 6.5, 17.5, 22.5
xN2 0.2 - 1.0

Molecular Dynamics (MD) simulation together with experiment were used to
study the depolarized Rayleigh light scattering (DRLS) of mixtures of Xe with N2

at SC conditions. Results have been obtained for three different number densities
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and six different mixture compositions at 323 K (see Table 2). It is well known that
the depolarized Rayleigh light scattering in the conventional 90◦ scattering geo-
metry (VH) [34] is given by the Fourier transform of the time-correlation function
(TCF) of the second-rank part of the total polarizability A in the system [35–37].
The second-rank part of the polarizability tensor is given by

A(2) = A − Tr(A)1/3 (1)

The corresponding TCF can be written as:

CRay(t) =
〈
A(2)(0) : A(2)(t)

〉
(2)

For a system composed of N molecules, the total polarizability can be written
as a sum of the molecular polarizabilities α

A(2) =

N∑
i=1

A(2)
i =

N∑
i=1

(α(2)
i + ∆α(2)

i ) (3)

where the molecular polarizability A(2)
i is written as the sum of a permanent part

and an induced part. The permanent part of the polarizability of a linear molecule
can be written as [31]

α = α1 + α(2)
i = α1 +

2
3
γQi (4)

where α is the isotropic polarizability component, γ = α‖−α⊥ is the polarizability
anisotropy, and if û is the unit vector parallel to the symmetry axis of the molecule,
Qαβ is the αβ element of Q

Qαβ =
1
2

(3ûα · ûβ − δαβ). (5)

For atoms like Xe, the molecular polarizability has only a scalar part. For
a system containing N linear molecules the second-rank part of the collective
polarizability can be written as:

A(2) = Nα1 +
2
3
γ

N∑
i=1

Qi (6)

For simplicity we denote

Q =
2
3
γ

N∑
i=1

Qi (7)

Thus, the second rank polarizability tensor of the system can be expressed as
follows:

A(2) = Q + ∆A (8)
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The depolarized Rayleigh correlation function will be written as (where we now
drop the superscript (2) for clarity reasons):

CRay(t) = 〈(Q(0) + ∆A(0)) : (Q(t) + ∆A(t))〉 (9)

which can be reduced in three terms

CRay(t) = 〈Q(0) : Q(t)〉 + 〈∆A(0) : ∆A(t)〉 + 〈Q(0) : ∆A(t) + Q(t) : ∆A(0)〉 (10)

The first term in Equation 10 depends only on the reorientation (OR) of the linear
molecules, the second term on the collision-induced (CI) polarizability and the
third is the cross (CR) correlation between the reorientational and interaction-
induced parts. It is convenient to write the total correlation function as the sum of
these terms [36]

CRay(t) = COR(t) + CCI(t) + CCR(t) (11)

In order to calculate the total correlation function as well as its parts, we need
a model for the calculation of the induced polarizability. The applied electric field
induces on each molecule a dipole moment [38]

µi = αi

E +
∑
j,i

Ti j · α j

 (12)

where Ti j is the dipole-induced dipole (DID) tensor [37]

Ti j(r) =
3ri jri j − 1r2

i j

r5
i j

(13)

where ri j = ri−r j is the intermolecular separation vector between molecules i and
j. The induced dipole moment is linear in the field E. Thus, for each molecule the
induced dipole moment is proportional to the applied field and its effective polari-
zability tensor. Equation 12 represents a linear system of 3N linear equations that
can be written in terms of the inverse matrix of the molecular polarizability of a
molecule [39]

N∑
j=1

Bi j · µ j = E (14)

where Bi j is a symmetric tensor [39]

Bi j = α−1
i δi j − Ti j

(
1 − δi j

)
(15)

α−1
i is the inverse matrix of the molecular polarizability of molecule j and E is

the electric field in three dimensions. The system composed by equation 12 can
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be solved accurately or using the first-order DID approximation [35, 36, 40–42]
where the total induced polarizability in the system is given by equation

∆αi =

N∑
i=1

N∑
j,i

αi · Ti j · α j (16)

The first-order approximation is adequate for systems where the molecular
polarizabilities are small, while a full solution is required for systems with high
polarizability. The method that was used in this study was to solve the system of
equations 12.

In this work, where the sample is a mixture that contains both linear and sp-
herical molecules, the equations were modified for the absence of the rotational
terms for atoms. The total polarizability of the system is

A = N
[
xN2αN2 +

(
1 − xN2

)
αXe

]
1 +

2
3
γ
∑
i∈N2

Qi (17)

Light scattering time correlation functions, line shapes and intensities were
computed using the all order exact DID model for the interaction-induced polari-
zabilities. The MD time correlation functions and the corresponding line shapes
are analyzed, discussed and compared with experimental results at the same ther-
modynamic conditions.

2.2. Quantum Scattering Calculations
The PES used in this work was the scaled PES-I by Wen and Jäger [28]. The

discrete data points of the potential represented on Jacobi radial and angular grid
(R,θ) were fit using the reproducing kernel Hilbert space (RKHS) method [43].
The θ grid spanned values from 0 to 90 degrees with a step or 15 degrees. The
radial grid contained 42 values between 3.442 and 9.942 Å. The radial-like kernel
was chosen with n = 2 and m = 5 parameters to describe correctly R−6 asymp-
totic dependence and the angular-like kernel was composed of seven even-valued
Legendre polynomials (lmax = 12) in a similar approach to work of Dryza et al.
[44]. The RKHS fits are then used in Hibridon scattering program [45] with the
Vl(R) radial coefficients up to lmax = 12.

Contour plot of the PES is shown in Fig. 2. The kinetic energy of the system is
241 cm−1 at the temperature of 323 K employed in the experimental and Molecular
Dynamics simulations. As shown in Fig. 2, this energy is located in the repulsive
part of the PES. A similar contour plot for the classical interaction potential is
shown in Fig. 3. A comparison between the quantum mechanical and classical
interaction potential (Fig. 4) shows that the differences are very small around the
T-geometry (θ = 90◦) and become larger at θ = 0◦, 45◦ (and by symmetry at θ =
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135◦, θ = 180◦). The similarity between the classical and the quantum mechanical
PESs allows the use of classical calculations to provide the ensemble average
values for PVT and Rayleigh data at 323 K, and the use of quantum calculations
for the state-to-state cross sections at the collision energy of 241 cm−1, which
corresponds to the temperature of the Rayleigh experiments.

Because of the nuclear spin of 14N (I = 1), 14N2 exists in separate ortho levels
(with total nuclear spin I = 0 or 2) and para levels (with I = 1). The ortho to
para ratio is 2:1, with the former populating only even (J = 0, 2, . . .) levels, and
the latter only odd (J = 1, 3, . . .) levels. Close-coupling scattering calculations
have been performed separately of ortho and para species using the HIBRIDON
program [45] to provide integral (ICS) and differential (DCS) cross sections. The
wavefunction was propagated between 4.5 and 18.8 a0 using the improved log-
derivative propagator by Manolopoulos and co-workers [46, 47]. We followed
closely the methodology presented by Alexander in his study of Ar + N2 collisions
[48]. The N2 molecule was described as a rigid rotor with rotational constant B
= 1.989574 cm−1. Calculations were performed for total energies up to 1435 and
1534 cm−1 for systems containing ortho and para systems. The maximum value
of the total angular momentum was 300 and the maximum value of the rotational
quantum number of the N2 molecule was 35.

3. Results and discussion

3.1. Thermodynamics
The MD calculations successfully reproduce the experimental PVT data [2]

and provided the values for the self-diffusion coefficients of both components in
the mixture using the Einstein equation. Results for all the mole fractions are
shown in Table 2.

3.2. Microscopic structure
The intermolecular structure of the mixture at these conditions has been stu-

died in terms of the calculated pair distribution functions (g(r) or PDF) between
the centre-of-mass (COM) of the molecules, between the sites of interactions, and
between the sites and the COM. A clear second peak (of a lower intensity compa-
red with the first one) in the g(r) indicates the formation of a second shell around
molecule, and it is a clear manifestation of a liquid-like microscopic structure of
an SCF. For example, the structure of SC-Xe has been studied previously (see ref.
[49] and references therein). The existence of a clear first minimum in g(r) is often
a sufficient evidence for liquid microscopic structure.

The PDFs for the N2 COM - N2 COM, N - N2 COM, and N - N separations
in Xe-N2 mixtures at various total concentrations and mole fractions are shown in
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Table 2: Experimental [2] and MD results for thermodynamic properties and self-diffusion coeffi-
cients of Xe-N2 at 323 K.

C(M) UP (kJ/mol) PMD (bar) PEXP (bar) DN2 (10−9 m2/s) DXe (10−9 m2/s)
x(N2) = 0.00

6.5 -3.1537 91.4 90.2 - 39.31
17.5 -7.8296 470.4 464.5 - 9.39
22.5 -9.7177 1863 1859.7 - 4.38

x(N2) = 0.20
6.5 -2.6068 113.1 114.0 94.0 43.5
17.5 -6.5404 534.0 547.5 16.61 11.93
22.5 -8.1501 1679.8 1693.2 7.73 6.22

x(N2) = 0.35
6.5 -2.2167 129.5 131.9 96.78 46.47
17.5 -5.6435 584.2 610.1 21.60 12.92
22.5 -7.0474 1589.8 1601 11.50 8.10

x(N2) = 0.50
6.5 -1.8711 142.1 146.7 97.57 53.75
17.5 -4.7881 641.5 670.3 23.67 16.31
22.5 -5.9971 1536.2 1574 13.56 10.33

x(N2) = 0.77
6.5 -1.3129 165.6 172.4 107.4 70.37
17.5 -3.4162 728.4 765 29.72 19.28
22.5 -4.2740 1501.5 1551 18.80 13.54

x(N2) = 0.95
6.5 -0.9890 179.7 182.9 120.17 78.83
17.5 -2.6030 780.5 780.2 35.07 26.19
22.5 -3.2599 1479.9 1455 22.78 16.52

x(N2) = 1.00
6.5 -0.9028 183.8 185 137.77 -
17.5 -2.3893 796.5 781.3 38.17 -
22.5 -2.9893 1495.5 1430 26.07 -

Fig. 5. These PDFs have, in general, very similar shapes. For the lowest concen-
tration (6.5 M), we observe a strong first peak and a weak second peak. For higher
concentrations, we observe two clear peaks and a third weak one. The effect of
the mole fraction is not important on the PDFs derived from this work. Regarding
the height of the first peak, the order is N2 - N2 > N - N2 > N - N. Regarding the
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position of the first peak, the order is N - N < N - N2 < N2 - N2. We refer to the
work by Ling and Rigby [50], for a discussion of all the possible relative N2 - N2

orientations, and the important role of the X and T configurations.
The PDFs for the Xe - N2 COM, Xe - N, and Xe - Xe separations of Xe-N2

mixture at various concentrations and mole fractions are shown in Fig. 6. These
PDFs have in general very similar shapes. As in the previous Figure, we have a
strong first peak and a weak second peak for the lowest concentration. For higher
concentrations, however, we have two clear peaks and a third weak one. The effect
of the mole fraction is not important on the shape of these PDFs. Regarding the
height of the first peak, the order is Xe-Xe > Xe - N2 > Xe - N. Regarding the
position of the first peak, the order is as follows: Xe - N < Xe - N2 < Xe-Xe. This
order is consistent with the corresponding order in the van der Waals radius, σ,
between the interaction centers.

3.3. Depolarized Rayleigh scattering
Example of Rayleigh spectra for various total densities of a Xe-N2 mixture for

xN2 = 0.2 are shown in Fig. 7 [2]. An increasing broadening effect is observed
for increasing densities in the region of the Lorentz-like curve between 40 and
200 cm−1. Note that at the lowest densities, the rotational resolution in the spectra
is not lost and the relative intensity ratio between even and odd number is 2:1
because of the nuclear spin statistics of 14N2 (see section 2.2).

In contrast to the behavior of the local microscopic structure, the DRLS is
very sensitive to changes in concentration and mole fractions. The intensity of
Rayleigh scattering versus wavelength for xN2 = 0.2 is shown in Fig. 7 for con-
centrations between 0.275 and 22.5M [2]. A comparison between the fast Fou-
rier transformed (FFT) experimental data and the MD time-correlation functions
(TCFs) at T = 323 K is shown in Fig. 8 for the concentration of 6.5M. In general,
the agreement between theory and experiment is better for lower mole fractions
of nitrogen. The relatively good agreement between experimental and (total) the-
oretical TCFs gives support to the computational approach.

The MD calculations can separate the TCFs into re-orientational (OR), collision-
induced (CI) and cross (CR) components as described in section 2.1. These com-
ponents are shown in Fig. 9. The relative contribution from OR becomes more
important for higher total concentrations and for higher N2 mole fractions. In
general, there are not many joint experimental and theoretical studies of the con-
centration dependence of DRLS (see ref. [51] for a study on CS2/CCl4 mixtures).
Regarding pure N2, our calculations are in agreement with the study by Mueller
et al. [31], where they found that at low densities, the contributions are OR� CI
∼ -CR, and at high densities OR� -CR ∼ CI because in the latter case the sum of
2-body and 4-body terms is cancelled by the 3-body term. We also note that our
results show that the OR term decays quicker than CI. This is similar to what is
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observed in O2, N2 and Cl2 [35, 36] but not in liquid CS2 [52], possibly reflecting
a much slower reorientation in the latter case.

3.4. Quantum integral and differential cross sections
A comparison between QM calculated ICS for Xe + ortho-N2 (υ, J = 0, 2) and

Xe + para-N2 (υ, J = 1, 3) for various final N2 rotational levels is shown in Fig.
10. The cross sections exhibit high values for the elastic collisions. Regarding the
inelastic collision, they decrease with increasing energy gap between the initial
and final levels. The behavior of ICSs is similar to those in Ar + N2 collisions
[48]. Future work will focus on obtaining the thermal rate coefficients from the
cross sections.

The differential cross sections for Xe + ortho-N2 (υ, J = 0) and Xe + para-N2

(υ, J = 1) for various final N2 rotational levels at a collision energy of 241 cm−1

are compared in Fig. 11. The DCSs exhibit a strong preference for forward scat-
tering especially for low rotational excitations. They show oscillations due to
interference like in the Ar + NO collisions [53]. In Xe + N2, the oscillations are
much more pronounced possibly because of the more homonuclear terms in the
interaction potential compared with the Ar + NO, where heteronuclear terms also
exist. Also, collisions with Xe will support more interferences with large angular
momenta that pass through the long-range of the potential [54]. The amplitude
of these oscillations generally decreases at higher scattering angles and for higher
final N2 rotational levels. Future work will provide information on the rotational
alignment and on the kinetic energy dependence of the stereodynamics in the gas
phase.

4. Conclusions

A new classical model for the interaction of Xe and N2 was proposed and tes-
ted successfully in reproducing the thermodynamic data even at supercritical con-
ditions. The MD calculations provided the microscopic structure of the mixture
at various total concentrations (densities) and pressures at a temperature of 323
K. As it was expected, the microscopic structure was between gas-like and liquid-
like. Also, the microscopic structure is more sensitive to the total concentrations
than to the mole fractions of the mixture. The classical interaction potential from
our new model was found very similar with the most recent ab initio PES [28].

The all order exact DID model was employed for the calculation of the interaction-
induced polarizability. The Rayleigh spectra showed a very strong dependence
on the N2 mole fractions and the total concentration. The MD simulations were
used to analyze the DRLS TCFs into re-orientational, collision-induced and cross
components. For higher N2 mole fractions, the collision-induced and cross com-
ponents almost cancel each other. As the mole fraction of Xe increases, the contri-
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bution of the interaction-induced term becomes greater and tends to be the main
contribution in the total correlation function. For all densities studied, the long
time (t > 0.2 ps) behaviour of the total correlation function is dominated by
the interaction induced when xN2 6 0.5. That means that the central part of the
spectrum line shape is highly affected by the presence of Xe. We note that un-
der similar experimental conditions, the Raman spectra of the mixture did not
show any significant dependence on Xe [2]. An analysis of the TCFs in terms of
compound-dependent contributions may be used for a comparison with a similar
analysis for the CS2/CCl4 mixture [42].

Quantum mechanical scattering calculations were employed to provide state-
to-state ICSs and DCSs for rotational excitation at a collision energy that corre-
sponds to the temperature employed in the MD calculations and the experiments.
We show that the ICSs decrease significantly when the energy gap between the
initial and final rotational levels increases. Future work will provide the thermally
averaged rate coefficients for these interactions. The DCSs show very pronounced
oscillations, and we hope that this will prompt experimental measurements of the
stereodynamics.
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Figure 1: Comparison between experimental data (lines) from ref. [32] for the pressure as a
function of molar volume at various temperatures with simulation results (points) obtained using
the optimized Xe-Xe LJ parameters from this work.
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Figure 2: Contour diagram of the scaled PES-I ab initio Xe-N2 potential energy surface [28]
employed in the quantum scattering calculations. As indicated by the labeled contours, black
lines represent positive values (repulsive part of the potential); blue lines are negative values. The
contour line in red represent the collision energy of the present study.
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Figure 3: Contour diagram of the classical Xe-N2 potential energy surface employed in the mole-
cular dynamics calculations. As indicated by the labeled contours, black lines represent positive
values (repulsive part of the potential); blue lines are negative values. The contour line in red
represent the collision energy of the present study.
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Figure 4: Comparison of the quantum mechanical [28] and classical Xe-N2 interaction potential
from this work at a collision energy of 241 cm−1.
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Figure 5: Pair distribution functions (PDF) for the N2 - N2 centre-of-mass (black solid line), N
- N2 centre-of-mass (blue, dash-dotted) and N - N (red, dotted) separations of Xe-N2 mixture at
N2 mole fractions of 0.20 (upper panel), 0.50 (middle panel), and 0.95 (lower panel). The total
concentrations are shown on the top of each column.
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Figure 6: Pair distribution functions (PDF) for the Xe - N2 centre-of-mass (black solid line), Xe -
N (blue, dash-dotted), and Xe - Xe (red, dotted) separations of Xe-N2 mixture at N2 mole fractions
of 0.20 (upper panel), 0.50 (middle panel), and 0.95 (lower panel). The total concentrations are
shown on the top of each column.
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Figure 7: Experimental Rayleigh spectrum [2] of Xe-N2 mixture for xN2 = 0.2 at temperature of
T = 323 K and total concentrations (M) 22.5 (black line), 17.5 (red), 12.5 (green), 6.5 (blue) and
2.75 (cyan).
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Figure 8: Comparison between experimental (circles) and MD (lines) Rayleigh TCFs of Xe-N2
mixture at temperature of T = 323 K for concentration of 6.5M at xN2 = 0.20 (black, solid line),
0.35 (blue, dash-dotted line), 0.50 (red, dotted line), 0.77 (magenta, dashed line).
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Figure 9: Total (black solid line), re-orientational (OR, blue, dash-dotted), collision-induced (CI,
red, dotted), cross (CR, magenta, dashed) MD TCFs for the Rayleigh spectrum of Xe-N2 mixture
at various mole fractions and total concentrations. The concentrations are shown on the top of
each column, and the nitrogen mole fractions at the left of each row.

0 1 2 3 4

-0.2

0.2

0.6

1

0.
20

0.65 M

0 1 2 3 4

-0.2

0.2

0.6

1

17.5 M

0 1 2 3 4

-0.2

0.2

0.6

1

22.5 M

0 1 2 3 4

-0.2

0.2

0.6

1

0.
50

R
ay
le
ig
h
T
C
F

0 1 2 3 4

-0.2

0.2

0.6

1

0 1 2 3 4

-0.2

0.2

0.6

1

0 1 2 3 4

-0.2

0.2

0.6

1

0.
95

0 1 2 3 4

-0.2

0.2

0.6

1

t (ps)

0 1 2 3 4

-0.2

0.2

0.6

1

26



Figure 10: Comparison of calculated ICS for Xe + ortho-N2 (υ = 0, J = 0, 2) (filled and empty
blue squares, respectively) and Xe + para-N2 (υ = 0, J = 1, 3) (filled and empty red circles,
respectively) as a function of the final N2 level at a collision energy of 241 cm−1.
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Figure 11: Left panel: comparison of calculated DCS for Xe + ortho-N2 (υ = 0, J = 0) collisions
to final N2 levels J = 0 (black), 2 (blue), and 4 (red). Right panel: as previously, but for Xe +

para-N2 (υ = 0, J = 1) collision to final N2 levels J = 1 (black), 3 (blue), and 5 (red). The collision
energy is 241 cm−1 in all cases.
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(Å

2
/
sr
)

θ (deg.)

0 30 60 90 120 150 180
10

-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

D
C
S
(Å

2
/
sr
)

θ (deg.)

28


