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Supplementary information for the parametrisation of quasi-spherical molecules through the Mie potential. The
supplementary information covers the following:

1. Mie particle reduced units
2. Further modelling results

S.1 Mie particle reduced units

This work focuses on systems interacting through the Mie potential, Eq. (S.1).
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) λa
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(S.1)

In Eq. (S.1), UMie refers to the interaction energy between two Mie particles, ϵ is the energy scale, σ is the shape
parameter, which is loosely related to the diameter of a particle and r is the centre-to-centre distance between two
particles. Finally, λr and λa are the repulsive and attractive exponents, respectively. Refs. [1–3] developed artificial
neural network (ANN) models to predict the thermophysical properties of the Mie particle. These ANN-based models
sue reduced units, which is equivalent to setting σ, ϵ, molar mass, M , Avogadro’s constant, NAv, and the Boltzmann
constant, kB, to 1. The definition of relevant thermophysical properties in reduced units are summarized in Table S.1.
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Table S.1: Definition of physical quantities in reduced units.
Quantity Symbol Units Dimensionless Definitiona, b, c

Time τ s τ∗ = τ/σ
√
M/NAvϵ

Distance r m r∗ = r/σ
Mass m kgmol−1 m∗ = m/M
Density ρ molm−3 ρ∗ = ρ NAvσ

3

Temperature T K T ∗ = T kB/ϵ
Pressure P Pa P ∗ = P σ3/ϵ

Entropy S JK−1 mol−1 S∗ = S/NAvkB
Helmholtz free energy A Jmol−1 A∗ = A/NAvϵ
Internal energy U Jmol−1 U∗ = U/NAvϵ
Enthalpy H Jmol−1 H∗ = H/Naϵ
Gibbs free energy G Jmol−1 G∗ = G/NAvϵ

Isochoric heat capacity CV JK−1 mol−1 C∗
V = CV /NAvkB

Thermal expansion coefficient αP K−1 α∗
P = αP ϵ/kB

Isothermal compressibility κT Pa−1 κ∗
T = κT ϵ/σ3

Thermal pressure coefficient γV PaK−1 γ∗
V = γV σ3/kB

Isobaric heat capacity CP JK−1 mol−1 C∗
P = CP /NAvkB

Joule-Thomson coefficient µJT KPa−1 µ∗
JT = µJT kB/σ

3

Second virial coefficient B2 m3 mol−1 B∗
2 = B2/NAvσ

3

Third virial coefficient B3 m6 mol−2 B∗
3 = B3/N

2
Avσ

6

Self-diffusivity D m2 s−1 D∗ = D/σ
√

NAvϵ/M

Shear Viscosity η Pa s η∗ = ησ2/
√
ϵM/NAv

Thermal Conductivity κ Wm−1K−1 κ∗ = κσ2/kB
√

NAvϵ/M
aSuperscript "*" refers to a reduced property. bNAv = 6.02214076 · 1023 mol−1 is the Avogadro constant [4],

kB = 1.380649 · 10−23 JK−1 is the Boltzmann constant [4] and M is the molar mass of the Mie particle. cσ is the
shape parameter in meters, and ϵ is the potential well depth of the Mie potential in Joules. See Eq. (S.1).

S.2 Further modelling results

This section presents further parameterisation results for quasi-spherical molecules using the Mie potential. These
results consider the modelling results for Krypton (Figure S.2), Xenon (Figure S.3), and Carbon Monoxide (Figure S.4).
These figures present two possible modelling approaches that use different molecular parameter sets. Figures (a),
(b), and (c) show vapour-liquid equilibria (VLE) results predicted by the FE-ANN EoS [1]. Figures (d) to (g) show
vapour-liquid (VLE), solid-liquid (SLE) and solid-vapour (SVE) equilibria obtained using the FE-ANN(s) EoS [3].
This EoS is also used to predict the speed of sound in Figure (g). Then, the shear viscosity and thermal conductivity
results obtained using the ANN-based models from Ref. [2] are shown in Figures (h) and (i). Additionally, the different
molecular parameters are assessed against experimental self-diffusivity data collected by Allers et al. [5] in Figure S.5.

The following parametrisation approaches considered minimising the following objective function.

OF(σ, ϵ, λr) =
∑
k

wk

Np,k

Np,k∑
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pred
k,i

yexpk,i

− 1

∣∣∣∣∣ (S.2)

Details of the different approaches are given in Table S.2. The reader is referred to the main article for a discussion of
the impact of different thermophysical properties on the resulting molecular parameters.

These objective functions rely on the FE-ANN [1] or FE-ANN(s) [3] EoSs for modelling the Helmholtz free energy.

Ares = NAvϵA
∗,res

A∗,res = ANN

(
αvdw, ρNAvσ

3,
ϵ

TkB

)
−ANN

(
αvdw, ρ = 0,

ϵ

TkB

)
(S.3)
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Table S.2: Parameterisation approaches to obtain the molecular parameters of the Mie potential.a

PVLE
b ρl,VLE

b ∆HVLE
b PSLE

c PSVE
d ∆HSVE

d ηe

OF1 ✓ ✓ ✓ × × × ×
OF2 ✓ ✓ ✓ × × × ✓
OF3 ✓ ✓ ✓ ✓ ✓ ✓ ×

a Thermophysical properties considered in the objective function (OF) are indicated by a "✓" in a grey-coloured cell. b

Vapour-liquid Equilibria (VLE) properties are also referred to as "vaporisation" properties. These include the
vaporization pressure (PVLE), saturated liquid density (ρl,VLE), and vaporization enthalpy (∆HVLE). VLE properties
can be obtained either with the FE-ANN EoS [1] or FE-ANN(s) EoS [3], based on Eq. (S.3). c Solid-liquid equilibria
(SLE) properties are also referred to as "melting" properties. Only the melting pressure (PSLE) is considered here. d

Solid-vapour equilibria (SVE) properties are also referred to as "sublimation" properties. These include the sublimation
pressure (PSVE) and sublimation enthalpy (∆HSVE). SLE and SVE properties are obtained using the FE-ANN(s) EoS.

e The shear viscosity (η) is modelled using the ANN-based models developed in Ref. [2], based on Eq. (S.6).

These EoSs rely on the αvdw parameter, which is defined as follows.

αvdw(λr, λa = 6) = CMie

[
1

3
− 1

λr − 3

]
(S.4)

The FE-ANN/FE-ANN(s) EoS explicitly model the Helmholtz free energy. The reader is referred to the original
publications [1, 3] or the book of Michelsen & Mollerup [6] for details about Helmholtz free energy thermodynamics.

Additionally, the self-diffusivity (D), shear viscosity (η) and thermal conductivity (κ) are modelled using the ANN-based
models developed in Ref. [2].

• Self-diffusivity

ρD =
1

σ2

√
ϵ

MNAv
ρ∗D∗

ρ∗D∗ = ANN
(
αvdw, ρNAvσ

3,
ϵ

TkB

) (S.5)

• Shear viscosity

η =

√
ϵM/NAv

σ2
exp[ln η∗]

ln η∗ = ANN
(
αvdw, ρNAvσ

3,
ϵ

TkB

) (S.6)

• Thermal conductivity

κANN =
kB

√
NAvϵ/M

σ2
exp[lnκ∗]

lnκ∗ = ANN
(
αvdw, ρNAvσ

3,
ϵ

TkB

) (S.7)

The thermal conductivity is corrected to account for vibrational contributions [7] not considered in the
ANN-based model. This correction uses the self-diffusivity obtained from Eq. (S.5).

κ = κANN + ρD

(
C id

V − # non-vibrational degrees of freedom · R
2

)
(S.8)

The thermal conductivity obtained from Eq. (S.7) has been trained over a wide range of density and temperature
conditions. It has been formulated to fulfil physics-inspired constraints. This formulation ensures correct
behaviour within the trained phase space. As shown in the original publication [2], the performance of the
model degrades in the vicinity of the phase envelope and at low temperatures. In Figure S.1, it is shown
the data distribution and liquid thermal conductivity across the saturation line of different (λr, 6) Mie fluids.
From the top row of this figure, it is noted that the data distribution in the vicinity of the VLE is not even in
the database, where "lower" to "moderate" repulsive exponents (i.e., λr = 8 and 12) have fewer data points
approaching the triple temperature. This data scarcity affects the prediction across the saturation line. As
observed in the bottom row of Figure S.1, the ANN model predicts a monotonic behaviour close to the triple
point for these fluids (λr = 8 and 12). This unexpected behaviour is predicted beyond the training region
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and should not be considered correct. This incorrect behaviour is corrected for Mie fluid where more data
is available (i.e., λr = 16, 24 and 30). In this case, the liquid thermal conductivity across the saturation line
follows a monotonic behaviour.
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Figure S.1: Thermal conductivity modelling across the saturation line. (a) - (e) Data distribution in the density-
temperature space. (f) - (j) Liquid thermal conductivity across the saturation line as predicted by Eq. (S.7).
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Figure S.2: Selected thermophysical properties of Krypton. (a) and (d) Phase envelope. (b) and (e) Clapeyron
plot. (c) and (f) Enthalpy of phase change. (g) Speed of sound. (h) Shear viscosity. (i) Thermal conductivity. (a) - (c)
Phase equilibria modelled using the FE-ANN EoS developed Ref. [1] (d) - (g) Phase equilibria and speed of sound
modelled using the FE-ANN(s) EoS developed in Ref. [3]. FE-ANN/FE-ANN(s) EoSs are based on Eq. (S.3). (h) and
(i) The shear viscosity and thermal conductivity are modelled using the ANN-based models developed Ref. [2], based
on Eqs. (S.6) and (S.8). Dashed blue lines and symbols refer to results using parameters optimised with OF1 (VLE
only). Dotted orange lines and symbols refer to results using parameters optimised with OF2 (VLE + shear viscosity).
Solid green lines and symbols refer to results using parameters optimised with OF3 (VLE + SLE + SVE). Refer to
Eq. (S.2) and Table S.2 for further details about the objective functions. Filled circle is the critical point. Filled square
is the triple point. Pseudo-experimental data obtained from NIST TRC [8]. Upright triangles are VLE data, diamonds
are SLE data, and downward triangles are SLE data. For reference, the solid black line refers to the triple temperature.
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Figure S.3: Selected thermophysical properties of Xenon. (a) and (d) Phase envelope. (b) and (e) Clapeyron plot. (c)
and (f) Enthalpy of phase change. (g) Speed of sound. (h) Shear viscosity. (i) Thermal conductivity. (a) - (c) Phase
equilibria modelled using the FE-ANN EoS developed Ref. [1] (d) - (g) Phase equilibria and speed of sound modelled
using the FE-ANN(s) EoS developed in Ref. [3]. FE-ANN/FE-ANN(s) EoSs are based on Eq. (S.3). (h) and (i) The
shear viscosity and thermal conductivity are modelled using the ANN-based models developed Ref. [2], based on
Eqs. (S.6) and (S.8). Dashed blue lines and symbols refer to results using parameters optimised with OF1 (VLE only).
Dotted orange lines and symbols refer to results using parameters optimised with OF2 (VLE + shear viscosity). Solid
green lines and symbols refer to results using parameters optimised with OF3 (VLE + SLE + SVE). Refer to Eq. (S.2)
and Table S.2 for further details about the objective functions. Filled circle is the critical point. Filled square is the
triple point. Pseudo-experimental data obtained from NIST TRC [8]. Upright triangles are VLE data, diamonds are
SLE data, and downward triangles are SLE data. For reference, the solid black line refers to the triple temperature.
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Figure S.4: Selected thermophysical properties of Carbon monoxide. (a) and (d) Phase envelope. (b) and (e)
Clapeyron plot. (c) and (f) Enthalpy of phase change. (g) Speed of sound. (h) Shear viscosity. (i) Thermal conductivity.
(a) - (c) Phase equilibria modelled using the FE-ANN EoS developed Ref. [1] (d) - (g) Phase equilibria and speed of
sound modelled using the FE-ANN(s) EoS developed in Ref. [3]. FE-ANN/FE-ANN(s) EoSs are based on Eq. (S.3).
(h) and (i) The shear viscosity and thermal conductivity are modelled using the ANN-based models developed Ref. [2],
based on Eqs. (S.6) and (S.8). Dashed blue lines and symbols refer to results using parameters optimised with OF1

(VLE only). Dotted orange lines and symbols refer to results using parameters optimised with OF2 (VLE + shear
viscosity). Solid green lines and symbols refer to results using parameters optimised with OF3 (VLE + SLE + SVE).
Refer to Eq. (S.2) and Table S.2 for further details about the objective functions. Filled circle is the critical point. Filled
square is the triple point. Pseudo-experimental data obtained from NIST TRC [8]. Upright triangles are VLE data,
diamonds are SLE data, and downward triangles are SLE data. For reference, the solid black line refers to the triple
temperature.
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Figure S.5: Self-diffusivity modelling of quasi-spherical molecules (a) Argon. (b) Krypton. (c) Xenon. (d) Nitrogen.
(e) Carbon Monoxide. (f) Methane. (g) Tetrafluoromethane. Experimental data collected by Allers et al. [5]. Filled
symbols refer to fluid data points, and empty symbols refer to solid data points as predicted by the FE-ANN(s) EoS [3].
Blue squares refer to results using parameters optimised with OF1 (VLE only). Orange downward triangles refer to
results using parameters optimised with OF2 (VLE + shear viscosity). Green circles refer to results using parameters
optimised with OF3 (VLE + SLE + SVE). Refer to Eq. (S.2) and Table S.2 for further details about the objective
functions. Self-diffusivity computed using Eq. (S.5)
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