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Brown’s characteristic curves of the Mie n, m fluid were investigated using molecular
dynamics (MD) simulation and a molecular-based equation of state. Both, the 0t"-
order (Zeno) and three 1%t-order characteristic curves (Amagat, Boyle, and Charles)
were studied. The study was carried out using a hybrid approach combining MD
simulation and molecular theory. Thereby, exact values for the zero-density limit
of the characteristic curves were obtained using the second virial coefficient route.
The focus was on the variation of the repulsive exponent of the Mie potential with
n = 8,10,11,12,13,14, 16,20, 36,48 (dispersive exponent constant at m = 6). Also,
the influence of the dispersive exponent on the characteristic curves was studied with
m =4,5,6,7,8 (repulsive exponent constant at n = 12). In total, 14 Mie fluids were
studied. Based on the results, the influence of the shape of the intermolecular poten-
tial on the macroscopic properties, i.e. the characteristic curves, is elucidated. Inter-
estingly, the Amagat curve is found to exhibit a peculiar dependency on the repulsive
exponent. However, the postulates of Brown regarding the form and regularities of
the characteristic curves are confirmed for all studied Mie fluids. Furthermore, the
applicability of the classical corresponding states principle is assessed using the char-
acteristic curve data. Important differences are obtained for the two exponents: The
corresponding states principle captures reasonably well the variation of the dispersive
exponent, but fails for describing the influence of the repulsive exponent. The results
from this work are compared with predictions from a molecular-based equation of

state, which is found to perform well in almost all studied cases.
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I. INTRODUCTION

The Mie fluid is an important model fluid that is also frequently used for modeling real
substances using both classical force fields'™ and molecular-based equations of state®?. The

Mie potential uyge is defined ag®

m
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with ¢ and e being the size and energy parameter, respectively, and n and m being

the repulsive and dispersive exponents, respectively. The distance between two particles is
denoted by r. The repulsive exponent n primarily describes the softness of the potential,
i.e. the repulsive interactions become harder with increasing n. The dispersive exponent m
primarily describes the range of the potential as well as the strength of the attractive force
at intermediate range since the dispersion energy is prescribed by €. The influence of the

two parameters n and m on the potential shape is depicted in Fig. [T}
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FIG. 1: Examples of the Mie n,m potential. Left: Variation of repulsive exponent (n =

8,12,16,48 and m = 6); Right: Variation of dispersive exponent (n =12 and m = 4,6, 8).

The Mie potential is the generalized version of the Lennard-Jones (LJ) potential, which
has — since the early days of computational molecular thermodynamics!%M — been extensively
studied in the literature!?13, Interestingly, the Mie potential predates the Lennard-Jones
potential historically®®, In the Mie potential, the classical n = 12, m = 6 exponents of the
LJ potential are variable parameters. In the LJ potential, the choice for the dispersive expo-
nent m = 6 is physically motivated!¥ whereas the repulsive exponent n = 12 was originally
primarily chosen for computational convenience.

The idea of the Mie potential is to algebraically describe repulsion and dispersion by two

separate terms and their exponents, cf. Eq. . Nevertheless, both terms influence the
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potential form in the entire range of r. This can also be seen in Fig. [I[} The variation of
the repulsive exponent n also influences the form of the potential in the attractive part and
the dispersive exponent m also influences the repulsive part of the potential. The latter is,
however, less prominent. Overall, Fig. [I|shows that the two exponents influence the form of
the potential in a complex way. Increasing n yields not only an increasing steepness of the
repulsion, but also a decrease of the effective particle size and a shift of the attractive part.
Thereby, the potential becomes more narrow with increasing n. Both increasing n and m
result effectively in a decreasing range of attraction, i.e. the potential converges to zero at
shorter distances (cf. Fig. [1).

Due to the practical importance of the Mie potential, the influence of the potential param-
eters m,n on macroscopic material properties has been frequently studied in the literature.
The vapor-liquid equilibrium (VLE) and interface has been studied several timest®19. Also
data on the solid-liquid equilibrium of the Mie fluid is available??. Sadus?! as well as Heyes et
al?2 have studied the second virial coefficient of special Mie n,m fluids. Also homogeneous
bulk phase properties have been studied at times, e.g. Refs2325. Apfelbaum and Vorob’ev
have studied the behavior of the Zeno curve in the density-temperature plane of Mie n,6
fluids?”. In general, the exponents of the potential are known to have an important influence
on thermodynamic derivative properties such as the compressibility® and heat capacity<°.

No information is presently available on the influence of the two Mie potential exponents
on Brown’s characteristic curves (except for the Zeno curve?’). Brown proposed the char-
acteristic curves for the evaluation of thermodynamic models for fluids with solely repulsive
and dispersive interactions?®. Brown’s characteristic curves have since then become an im-
portant tool for testing the extrapolation behavior of new equation of state models — also
exhibiting more complex molecular interactions??32, The testing of Brown’s characteristic
curves has also been included in the IUPAC guidelines for publishing equations of state33.
At times, also other names are used for the four characteristic curves, i.e. the Zeno curve
is also called ideal curve, the Amagat curve Joule inversion curve, and the Charles curve is
often called Joule-Thomson inversion curve. In this work, the terminology introduced by
Brown?® is used.

According to Brown, one 0%-order curve (called Zeno curve) and three 1%t-order charac-
teristic curves (called Amagat, Boyle, and Charles curve) exist. The characteristic curves

are defined as the loci of state points at which a certain thermodynamic property of the



fluid equals that of an ideal gag?83%34  Ag a result of Gibbs’ phase rule, the compressibility
factor Z and its derivatives with respect to temperature, density, and pressure match the
values of the ideal gas for special temperature and density combinations only, which consti-
tutes the characteristic curves. Multiple thermodynamically equivalent conditions apply to
a characteristic curve®?, e.g. Z =1 for the Zeno curve, (0Z/0V)r = 0 for the Boyle curve,
(OH/0p)r = 0 for the Charles curve, and (0U [0V )y = 0 for the Amagat curve. Details on
the thermodynamic derivation and relations are given in the Supplementary Material and
can be found elsewhere2®/BUsa30531]

Fig. [2| schematically shows the four characteristic curves in the p — T" projection as well
as their relation to the second virial coefficient. Brown’s characteristic curves cover a range
of multiple orders of magnitude in temperature and pressure. Based on rational thermo-
dynamic arguments, Brown derived a number of necessary conditions for the characteristic
curves of a simple molecular fluid (as depicted in Fig. [2)?87: In a double-logarithmic
pressure—temperature diagram, the Zeno, Amagat, Boyle, and Charles curve are required
to have a single maximum, exhibit negative curvature throughout, and end with infinite
slope in the zero-density limit. Moreover, the Zeno curve contacts the three 15*-order curves
in a single state point only?®3%38  The three 15t-order curves may not contact each other.
Moreover, the Charles curve and the Boyle curve intersect the VLE, cf. Fig. [2] Hence,
Brown postulated the behavior and shape of the characteristic curves for a generalized sim-
ple repulsive-dispersive fluid. Yet, details of the form of the potential will in general influence
the characteristic curves. The Mie fluid is an excellent candidate for investigating the nature
of Brown’s characteristic curves and their relation to the detailed form of the intermolecular
potential.

Brown’s characteristic curves themselves are also relevant for technical applications. The
Charles curve is also known as the Joule-Thomson inversion curve and crucial for energy
conversion technology=*“! as it is defined as the locus of state points, where the temperature
change upon isenthalpic throttling changes from heating to cooling. Also, the range of the
characteristic curves is relevant for tribological?#43 and geological applications®?. For low-
boiling fluids such as neon, helium, and hydrogen, the range of all four characteristic curves
is also applicable for technical applications at moderate thermodynamic conditions.

There is practically no experimental data available for Brown’s characteristic curves (only,

for the Joule-Thomson inversion curve, some data is available**). Computational studies of
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FIG. 2: Scheme of Brown’s characteristic curves (top) and their relation to the second virial
coefficient (bottom). For the top plot: Blue lines indicate the characteristic curves; black color
indicates the vapor-liquid equilibrium (star indicates the critical point, dotted lines the spinodal,
and solid line the binodal). Special points on the characteristic curves are indicated as red cir-

cles.

the characteristic curves have been carried out at times: Stephan and Deiters studied the
characteristic curves of the classical Lennard-Jones potential®l. Deiters and co-workers have
also assessed the behavior of different equation of state models regarding the characteristic
curves?334. - Apfelbaum and co-workers have studied special features of Brown’s characteristic
(and other similar curves) of fluids*™®. Several studies are available that report molecular
simulation data for the Joule-Thomson inversion (a.k.a. Charles) curves?404950  First
principle data for the entire set of characteristic curves is still very scarce. Deiters and
Neumann used for the first time molecular simulations (Monte Carlo) to predict the entire
set of Brown’s characteristic curves for simple model fluids#?. In a recent work of our
group, we have proposed a rigorous approach for determining Brown’s characteristic curves
combining classical molecular dynamics simulations for determining the characteristic curves

in the entire temperature range with rigorous statistical mechanics to determine the exact



zero-density limits of the characteristic curves®®. Thereby, the thermodynamic behavior of
a given fluid can be characterized and assessed in a large temperature and pressure range.

The classical corresponding states principle can be used to model fluid properties based
on the observation that molecular fluids show a similar behavior when compared at the
same reduced temperature and reduced pressure with respect to the critical values®®®, Yet,
the corresponding states principle is not a general rigorous law, but is well known to yield
deviations for substances from different chemical families. The general applicability of the
corresponding states principle to the Mie fluid has been confirmed by Orea et al1859 and
Galliero et alY for different vapor-liquid equilibrium properties. Jaramillo-Gutierrez et al.
have studied the thermodynamic geometry of the Mie fluid finding that the corresponding
states principle can be reasonably well applied at moderate pressures and temperatures?S.
The applicability of the corresponding states principle at extreme conditions has to the best
of our knowledge not yet been tested for the Mie fluid.

In this work, we applied the method of Urschel € Stephan® for determining the charac-
teristic curves of the Mie n, m fluid. Thereby, the influence of the Mie potential exponents
n and m on the characteristic curves is elucidated and insight into the extrapolation be-
havior of the Mie fluid is obtained. Moreover, the applicability of the corresponding states
principle®™s is tested based on the characteristic curve results of the different Mie fluids.
For determining the critical point of the Mie fluids, VLE Grand Equilibrium®? simulations
were additionally carried out.

This work is structured as follows: First, the simulation method and computational details
are introduced in section [[IL Then, the results for the characteristic curves and the influence
of the exponents are discussed in section [[II} Finally, the applicability of the corresponding

states principle on the Mie fluid at extreme conditions is assessed.

II. METHODS

In this work, the approach proposed by Urschel € Stephan for determining Brown’s
characteristic curves® was applied. In this approach, three main aspects are combined: (i)
using an equation of state for estimating the location of the curves; (ii) carrying out molecular
dynamics simulations; and (iii) computing the state points of the characteristic curves in the

limit p — 0 via the second virial coefficient by direct integration of the interaction potential®2.



In this work, we used the molecular-based equation of state proposed by Lafitte et all®,
which describes the thermodynamic properties of the Mie fluid. As described in Ref32, the
equation of state initial guess values for the characteristic curves were corrected by exact
results computed via the virial coefficient route in the zero-density limit. This correction
was only applied for the initial guess values used for the molecular simulations. In the results
section, the original equation of state results are presented and discussed.

The second virial coefficient B was computed directly from the intermolecular potential

Upgie (1) agbiiioz

-

B = _W / f12 dI‘ldI'Q, (2)
where f indicates the Mayer function

f:exp(—uMie(r)/T)—l, (3)

and r indicates the distance between two interacting particles®. In Eq. [2 a volume element
in which the particle is located is indicated by dr. Eq. can be integrated numerically,
cf. Ref9203 Egs. (2) and were implemented and integrated (using a semi-infinite
integration range, cf. Ref ). Thereby, practically exact results for B(T) were obtained.
From the results for B (T), specific conditions yield the zero-density limit state points of the
characteristic curves?. Therefore, no statistical uncertainty applies to the zero-density limit
data points of the characteristic curves (in contrast to the molecular simulation results).
For the molecular simulations, the software package ms2 was used®%6, For determining
the four characteristic curves in the molecular simulations, the thermodynamic conditions
were applied that were found to be most favorable, cf. Ref#%. For determining a state point
on the Zeno curve, sets of NVT simulations along an isotherm in the vicinity of the initial
guess value were carried out and evaluated using the thermodynamic condition Z = 1. Also
for the Boyle and Charles curve, sets of NVT simulations along isotherms were carried out.
For the Boyle curve, the thermodynamic condition (0Z/0V)r = 0 was evaluated. For the
Charles curve, the thermodynamic condition (0H/Op)r = 0 was evaluated. For the Ama-
gat curve, sets of NpT simulations along an isotherm were carried out and the condition
(OU/OV')r = 0 was applied. For all four characteristic curves, around 20 state points on a
characteristic curve were determined. For each characteristic curve state point, a set of seven

MD simulations was considered. The results from each set of simulations were evaluated



by fitting a second order polynomial and evaluating that function regarding the respec-
tive thermodynamic condition (see above). Finally, for each state point determined for the
characteristic curves, an additional NVT simulation was carried out to determine further
thermodynamic properties. In particular, the Lustig formalismb 8 was applied for these
simulations, which gives direct access to the Helmholtz energy derivatives. Using that data,
the characteristic curve state points were evaluated regarding thermodynamic consistency=2.
The statistical uncertainties of the determined characteristic curve state points were esti-
mated using error propagation, cf. Ref®? for details. The data set for a given characteristic
fluid was complemented by the respective exact zero-density limit state point obtained from
the virial route.

The time step used in the MD simulations was A7 = 0.001 U\/M_/a. The treatment of
the long-range interactions have an important influence on the virial coefficient®?, liquid
bulk phase properties™ as well as phase equilibrium properties™. Here, the cut-off radius
was set to 50 in combination with classical long-range corrections for bulk properties such
as the internal energy and the pressure®®2. For the NVT simulations, systems with 2,500
particles were studied. The systems were equilibrated for 50,000 time steps and production
was carried out for 750,000 time steps. For the NpT simulations, an additional equilibration
time of 50,000 time steps was applied. Classical velocity scaling was used for prescribing the
temperature. For prescribing the pressure, Andersen’s barostat was used. The piston mass
of the barostat was specified depending on the state point based on the heuristic approach
proposed in Ref52,

In addition to the characteristic curve MD simulations, VLE simulations were carried
out to obtain data on the critical parameters of the Mie fluids for the evaluation of the
corresponding states principle. The VLE simulations were carried out using the Grand
Equilibrium method of Vrabec and Hasse®V. Simulation details are given in the Supplemen-
tary Material. The thermodynamic consistency of the VLE data was furthermore assessed
using the compressibility factor test proposed by Nezbeda™.

In total, 14 Mie fluids were studied. For the variation of the repulsive exponent, 10
Mie fluids were considered with n = 8,10,11,12,13,14, 16,20, 36,48. For these fluids, the
dispersive exponent was kept constant at m = 6. For the variation of the dispersive exponent,
m=4,5,6,7,8 were studied and the repulsive exponent was constant at n = 12. The results

for the Mie fluids 11, 6 and 13, 6 are only presented in the electronic Supplementary Material.



III. RESULTS

The results section is outlined as follows: First, the results for the second virial coefficient
and its characteristic points (cf. Fig. bottom) are presented and discussed. Then, the
results for the characteristic curves of the Mie n, 6 and 12, m fluid are discussed. Finally, the
results of the characteristic curves are used to assess the applicability of the corresponding
states principle at extreme conditions. Numerical data are given in the Supplementary
Material. Also, the results for the VLE of the Mie fluids are discussed in detail in the
Supplementary Material.

A. Virial Coefficient

Fig. [3] shows the results for the second virial coefficient as a function of the temperature.
Fig. [Bttop shows the results for the variation of the repulsive exponent n; Fig. [Blbottom
those for the variation of the dispersive exponent m. The second virial coefficient results from
this work are in agreement with those reported by Sadus?! (for special n,m combinations).
Fig. 4| shows the results for the characteristic points of the second virial coefficient, i.e. B =
0, (0B/OT) = B|T, and B = By, which correspond to the zero-density limit temperatures
of the characteristic curves.

Overall, both exponents have an important influence on the behavior of the second virial
coefficient of the Mie fluid. For high temperatures (and B > 0), where the repulsive in-
teractions dominate the fluid behavior since the mean energy of the particles exceeds the
dispersion energy ¢, the repulsive exponent n has a strong influence on the virial coefficient.
On the other hand, as the dispersive interactions dominate at low temperatures (and B< 0)
and the total energy of the particles is on the order of magnitude of the dispersion energy
e, the attractive exponent m has a strong influence on the virial coefficient in that region.

Interestingly, a complex influence is observed for the repulsive exponent: The maximum
of the second virial coefficient, i.e. the zero-density limit of the Amagat curve (cf. Fig. [2)),
first decreases with increasing n, reaches a temperature minimum and then increases with
increasing n. The two underlying counter-acting effects are due to the fact that the repulsive
exponent n influences the shape of the potential in both the repulsive and attractive part,

cf. Fig. [[Heft. The dispersive exponent m on the other hand influences primarily the shape



B/ (2/3)me®

‘ ‘ ie
-1 : : : 48
‘ ‘ ‘ i4
8
m

0 20 40 60
T/ ekg”

FIG. 3: Second virial coefficient B of the Mie n,6 fluid (top) and Mie 12,m fluid (bottom) as a
function of the temperature. Results from numerical integration of the interaction potential (cf.
Egs. |2| and . Characteristic points are indicated by different symbols: Bullets (Z, B) indicate
B =0, diamonds (C) indicate (0B/AT) = B/T, and triangles (A) indicate B = Byayx. The charac-

teristic points are related to Brown’s characteristic curves as shown in Fig.

of the attractive part of the potential (cf. Fig. right), which corresponds to the fact that
m influences the second virial coefficient and its characteristic points in a monotonous way,
cf. Figs. [3land [4

Also the overall influence of the potential parameters n and m on the virial coefficient B
can be well understood from the inspection of the shape of the potential, cf. Fig.[]] The
interaction range of the potential decreases with increasing m. Therefore, with increasing
m, the virial coefficient curves B(T') are shifted to higher temperatures and become more
flat — especially in the low-temperature range. For large m values, the particles exhibit
stronger attractive forces f = duye/dr, but in a smaller distance range compared to small m
values. Hence, particles that come into the attractive interaction range at high m, have a
higher probability to stick together compared to low m values. This is reflected in the shift
of B with increasing m. Interestingly, the same effect — but less prominent — is observed for
increasing n, cf. Fig.[Btop. This is due to the fact that the attractive part of the interaction
potential to some extend also changes upon increasing n, cf. Fig. [THeft.

For the Boyle (B) and Charles (C) zero-density limit characteristic points, increasing n
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FIG. 4: Characteristic points Z, A, B, and C of the second virial coefficient (cf. Fig. as func-
tion of the repulsive exponent n (top) and the dispersive exponent m (bottom). Results from

numerical integration of the interaction potential (cf. Egs. and .

yields decreasing characteristic temperatures. The temperature minimum of the Amagat
curve is determined here to be at n,;, = 17.1. For the dispersive exponent, all three char-
acteristic temperatures decrease with increasing m, cf. Fig. [dbottom. A comparison of
characteristic points of B(T) predicted by the EOS and the exact values for the studied
Mie fluids is given in Supplementary Material. The deviations between those two data sets
are small in most cases. Nevertheless, the simulation method®? used for determining the
characteristic curves considers the exact values, i.e. the EOS initial guess values for the
characteristic curves were corrected by the exact zero-density limit values, cf. Ref? for

details.

B. Characteristic Curves

Fig. [f] shows the results for all four characteristic curves of the n,6 Mie fluids; Fig. [f
shows the results for the 12, m Mie fluids. The results for the four curves are depicted in
both the pressure-temperature projection and the density-temperature projection. Both, the

simulation results and the EOS predictions for the characteristic curves are shown. Also,
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the VLE simulation and EOS results are shown (with a 50% transparency) in Figs. [p| and []

In all cases, the simulation results for the characteristic curves show a smooth trend.
Also, the MD simulation results (circles) are in excellent agreement with the exact results
for the zero-density data points (triangles) obtained from the virial route. In practically
all cases, the statistical uncertainties of the MD results are within the symbol size. For
the Zeno and the Amagat curve, simulations were carried out until solidification was ob-
served in the simulations. For the Boyle curve, simulations were successfully carried out
also in the vapor-liquid metastable region that are consistent with the predictions from the
EOSY (details are shown in the Supplementary Material). The thermodynamic consistency
of the simulation results is moreover confirmed by the evaluation of the Helmholtz energy
derivative characteristic curve criteria®®. The results of that test are presented in the Sup-
plementary Material. For the vast majority of data points, the results for the Helmholtz
energy derivatives are in accordance with the respective condition. All this confirms the
robustness of the method proposed in Ref 32,

The predictions of the Mie equation of state of Lafitte et al'® are overall in good agreement
with the computer experiment results from this work (cf. Figs. [5| and @ The absolute
average deviation for the n,6 Mie fluids are 8.5% for the pressure and 6.1% for the density
and for the 12,m Mie fluids 10.7% for the pressure and 8.2% for the density. This is
astonishing considering the fact that the characteristic curves cover a large range of states
and the fact that the model of Lafitte et al. was not trained to such data. This indicates
that the molecular-based formulation of that model is very robust. The model of Lafitte et
al. also covers the anomaly behavior of the zero-density limit of the Amagat curve, i.e. it
exhibits a temperature minimum at n;,. Only, for very small dispersive exponents m < 5,
the equation of state of Lafitte et al. yields spurious Amagat curves, cf. Fig. [6] This is not
surprising as this is also out of the range of validity stated by Lafitte et al®.

The results for the influence of the repulsive exponent on the macroscopic thermodynamic
properties yields several insights. The variation of the repulsive exponent n has a similar
effect on the Zeno, Charles, and Boyle curve (cf. Fig. [5)): Their pressure and temperature
range increases with decreasing n, i.e. increasing softness of the potential. For the Amagat
curve, a more complex behavior is obtained: At low temperatures, the pressure of the
Amagat curve increases monotonously with increasing n. At high temperatures, however,

the pressure of the Amagat curve first decreases and then increases with increasing n. This
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is a result of the minimum of the zero-density limit Amagat temperature T, cf. Fig. 4], and
the fact that competing effects are present regarding the molecular interactions. Moreover,
important differences are observed for the Amagat curve in comparison to the other three
curves in the density-temperature projection: For the Zeno, Charles, and Boyle curve, the
repulsive exponent has an important influence. In the studied n-range, the Zeno, Charles,
and Boyle curve exhibit a significant shift to higher temperatures. The behavior of the
Amagat curves in the density-temperature projection on the other hand is only slightly
affected by the repulsive exponent n.

The characteristic curves are closely related to the VLE, e.g. the Boyle and the Charles
curve originate on the spinodal and binodal, respectively. The VLE results for the Mie fluids
are presented and discussed in detail in the Supplementary Material. The MD VLE results
are consistent with the compressibility factor rule proposed by Nezbeda™. Moreover, the
VLE results obtained from the EOS of Lafitte et al'9 are in reasonable agreement with the
computer experiment results (see Supplementary Material for details). Both Mie potential
exponents influence the VLE properties: The vapor pressure and the critical temperature
are strongly influenced by both the repulsive and the dispersive exponent. The exponent n
has only a minor influence on the saturated densities as well as the critical density. This is
as expected, as the particle size, i.e. the intermolecular distance r at which the repulsive
interactions occur, are hardly affected by n and m, cf. Fig. Overall, the repulsive and
dispersive exponent have similar effects on the VLE properties, which is likely due to the fact
that the attractive interactions play a dominant role in establishing a stable liquid phase.
Both interaction exponents widen the range of attractive interactions with decreasing n and
m, cf. Fig.[l] which increases the mean dispersive interactions at a given density. Therefore,
a stable liquid phase can be established at higher temperatures for low n and m.

The differences for the influence of n and m on the different VLE properties, i.e. saturated
densities and vapor pressure, are also reflected on the characteristic curves. Accordingly,
the density behavior of the characteristic curves is only slightly influenced by n and m and
the high-density limit for a given characteristic curves is similar for the different Mie fluids.
For the Zeno curve, all Mie n,6 fluids converge to a common line at low temperatures in
the pressure-temperature projection and have approximately a common intersection point
in the vicinity of the triple point liquid phase density in the density-temperature projection

(cf. Fig. [5|b). For the Boyle curves, the termination on the spinodal has the same behavior
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as that of the critical point density for varying n and m (cf. Fig. |5 f). The same holds
for the Charles curves (cf. Fig. [/ h). Only for the Amagat curves, (cf. Fig. [5|d), a more
complex density dependency is observed upon a variation of n.

The variation of the attractive exponent m has the same qualitative effect on all four
characteristic curves: The pressure and temperature increases with increasing m. This
is opposite to the influence of the repulsive exponent n, which affects the Amagat curve
differently than the other three characteristic curves. For the Amagat curve, the variation
of the repulsive exponent n has multiple effects that superimpose in a complex way (cf.
Fig. |5 ¢), which is likely due to the fact that n affects both the repulsive and the dispersive
part of the potential (cf. Fig. .

While the exponents n and m have the same qualitative influence on the characteristic
curves (except the Amagat curve), the comparison of the results for the influence of n
and those of m (Figs. |p| and E[) reveals important quantitative differences: The attractive
exponent m has a significantly stronger influence on the characteristic curves than n — in
particular in the pressure-temperature projection. While the value for m was varied only in
the range 4..8 compared to the variation of n = 8..48, the pressure maximum is influenced
more strongly for a given characteristic curve by m. This is surprising as it shows that
attractive interactions still play an important role also at extreme pressure and temperature.

For all studied n,6 and 12,m Mie fluids, the Zeno curve exhibits approximately a lin-
ear trend in the density-temperature plane. This phenomenon has been discussed in detail
by Apfelbaum and co-workers for different molecular fluids (both model and real substance
fluids)#04240 In fact, the results from this work show that also the three 1%t-order charac-
teristic curves (Amagat, Boyle, and Charles) exhibit an approximately linear trend in the
density-temperature projection, however, with a slightly convex shape at low temperature

in most cases, cf. Figs. [§ and [6]
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FIG. 5: Characteristic curves of Mie n, 6 fluid: a) and b) Zeno curve; ¢) and d) Amagat curve;
e) and f) Boyle curve; g) and h) Charles curve. For each curve, results are presented in the p-T
and p-T projection. The repulsive exponent is represented by the color code. Results from MD
(filled and open circles) and the EOSY (lines and star). Statistical uncertainties for characteristic
curve MD data are within the symbol size. Top triangles indicate zero-density limit character-
istic points computed via the virial route (cf. Fig. bottom). The 50% transparent lines and
symbols indicate the vapor-liquid equilibrium (solid lines indicate binodal; dashed lines indicate
spinodal; star indicates critical point). Open circles indicate VLE results obtained from MD sim-

ulations.
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FIG. 6: Characteristic curves of Mie 12, m fluid: a) and b) Zeno curve; ¢) and d) Amagat
curve; e) and f) Boyle curve; g) and h) Charles curve. For each curve, results are presented in
the p-T and p-T projection. The repulsive exponent is represented by the color code. Results
from MD (filled and open circles) and the EOSY (lines and star). Statistical uncertainties for
characteristic curve MD data are within the symbol size. Top triangles indicate zero-density
limit characteristic points computed via the virial route (cf. Fig. bottom). The 50% transpar-
ent lines and symbols indicate the vapor-liquid equilibrium (solid lines indicate binodal; dashed
lines indicate spinodal; star indicates critical point). Open circles indicate VLE results obtained

from MD simulations.
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C. Corresponding States Principle

Fig. [7| shows the MD results for the characteristic curves of the Mie fluid in reduced
units with respect to the critical parameters. Based on these results, the applicability
of the classical corresponding states principle at extreme conditions is assessed. Table
summarizes characteristic points of the characteristic curves in reduced units. The critical
parameters were determined from the MD VLE simulation data obtained in this work (see
Supplementary Material for details).

Following the corresponding states principle, the results for the different Mie fluids should
collapse on a master curve when plotted in reduced units. Interestingly, important deviations
from the corresponding states principle are observed — in particular for the variation of
the repulsive exponent and at high temperatures, cf. Fig. [(ftop. At high temperatures,
the reduced temperature of all four characteristic curves is shifted. For the Zeno, Boyle,
and Charles curve, the results for the different Mie fluids are shifted to higher reduced
temperatures with increasing n. For the Amagat curve, on the other hand, the reduced
temperature decreases with increasing n in the high temperature region. Hence, the Amagat
and the Charles curve approach each other with increasing n. The reduced pressure follows
the corresponding states principle relatively well for the Zeno, Boyle, and Charles curve,
whereas significant deviations from the corresponding states principle are observed for the
Amagat curve reduced pressure, which varies about an order of magnitude in the studied
n-range.

For the Zeno, Boyle, and Charles curve, the corresponding states principle is very well
satisfied at low temperatures — for both varying n and varying m. Deviations appear with
increasing temperature in the vicinity of the pressure maximum of the respective curve.

Interestingly, the Amagat curve follows the corresponding states principle relatively well
for the variation of m (cf. Fig. bottom). For the Zeno, Boyle, and Charles curve, the two
exponents have a similar influence on the deviations of the corresponding states principle, i.e.
the reduced temperature increases with increasing exponent n and m at high temperatures,

whereas the reduced pressure is in good accordance with the corresponding states principle.
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TABLE I: Characteristic points of Brown’s characteristic curves for the Mie n, 6 and Mie 12,
m fluid in terms of reduced temperature T* = T'/T;. and reduced pressure p* = p/p.. For each
curve, the pressure and temperature of the pressure maximum ppax(7) and the temperature of
the zero-density limit are reported. The pressure maximum data was computed from MD results
by spline interpolation. The zero-density limit data was computed via the virial route. Critical

point parameters were taken from the MD data.

Zeno Amagat Boyle Charles

Pmax lirnp—>0 Pmax lirnp—>0 Pmax 1imp—>0 Pmax 1in’1p—>0

8,6 1.49/8.78 2.97 | 4.03/84.30 17.73 |1.76/4.06 2.97 |2.52/12.32 5.53
10,6  1.39/8.41 2.77 |3.73/97.99 18.48 (1.71/3.82 2.77 |2.33/12.14 5.19
12,6  1.34/8.16 2.64 [3.49/112.73 19.40 |1.63/3.65 2.64 |2.25/12.01 4.96
14,6  1.27/7.86 2.54 [3.21/126.98 20.40 [1.60/3.49 2.54 |2.13/11.77 4.79
16,6  1.28/7.86 2.47 |3.17/145.91 21.46 (1.54/3.45 2.47 |2.10/11.97 4.66
20,6 1.21/7.66 2.36 |3.16/180.60 23.69 [1.52/3.34 2.36 |2.02/12.06 4.49
36,6 1.11/7.46 2.19 (3.52/331.35 33.09 |1.44/3.15 2.19 |1.84/12.38 4.18
48,6 1.12/7.36 2.14 |4.03/449.67 40.21 |1.42/3.07 2.14 |[1.81/12.50 4.09

12,4 1.53/9.45 3.13 |4.54/100.39 21.27 |1.86/4.41 3.13 |2.68/13.03 5.89
12,5 1.41/8.49 2.82 |3.84/103.38 19.97 (1.71/3.89 2.82 |2.39/12.16 5.32
12,6  1.34/8.16 2.64 |3.49/112.73 19.40 (1.63/3.65 2.64 |2.25/12.01 4.96
12,7 1.29/7.91 2.50 [3.06/123.64 19.02 [1.59/3.50 2.50 |2.13/11.94 4.70
12,8  1.24/7.70 2.40 |1.17/150.92 18.79 (1.54/3.37 2.40 (2.09/11.94 4.49
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FIG. 7: Characteristic curves of Mie n, 6 fluid (top) and Mie 12, m fluid (bottom) in the
double-logarithmic pressure-temperature projection. All results are reduced with the critical pa-
rameters. Circles indicate MD results; triangles indicate the zero-density limit results obtained

from the virial route. Critical point parameters T, and p. were taken from the MD data (see

Supplementary Material).
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IV. CONCLUSIONS

In this work, Brown’s characteristic curves of the Mie fluid were investigated to elucidate
the relation of the shape of the intermolecular potential of a simple fluid and macroscopic
thermodynamic properties at extreme conditions. Therefore, molecular dynamics simula-
tions were carried out to determine state points of the 0" and 1%*-order characteristic curves
of the n,6 and 12,m Mie fluid. The results were moreover used to assess the applicability
of the corresponding states principle. Interestingly, large deviations from the corresponding
states principles were found — in particular caused by the variation of the repulsive expo-
nent of the Mie potential. Furthermore, a complex and anomalous behavior of the Amagat
curve of the n,6 Mie fluid was elucidated: While the Zeno, Boyle, and Charles curve show
a simple dependency on the exponent n (and the exponent m), the Amagat curve exhibits
a complex behavior upon a variation of the repulsive exponent n. This is attributed to the
fact that the variation of the repulsive exponent n has different effects on the shape of the
intermolecular potential. Interestingly, this anomalous behavior is qualitatively captured
by the corresponding states principle, i.e. a simple monotonous dependency is obtained for
the Amagat curve as a function of n in reduced units 7'/T. and p/p., which is due to the
dependency T¢(n) and p.(n).

Overall, the Mie potential exponents n and m strongly influence the temperature and
pressure behavior, whereas only a minor effect is observed on the density. This is consistently
found for the characteristic curves as well as for the vapor-liquid equilibrium.

The results from this work stress the fact the both exponents actually affect the inter-
molecular potential in the entire distance range to some extend. This is supported from the
results for the characteristic curves and their zero-density limit (computed from the virial
coefficient) as well as for the vapor-liquid equilibrium.

The comprehensive characteristic curve data for the Mie fluid from this work can be
favorably used for the development and testing of new Mie equations of state™. Thereby,

the thermodynamic consistency and extrapolation capabilities can be assessed.
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