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Abstract

In chemical engineering, the knowledge on !h"rllm]ﬁl."-"i"ﬂl I"’“l"."".“”" of mixtm‘es!s
jmportant for the design and optimization of processes. As t.ln‘ ti“l""’““f“f‘d d‘“’_“ base =
often narrow, methods are required that predict thermophysical properties quantitatively.
Usually, equations of state or G* models are used for that purpose. They are known a5
excelle‘nt correlation tools, but they lack in predictive power and hold only little promise
for further improvement. ;

1t is shown in the present work, that molecular modeling and simulation is an alterna-
tive modeling approach for pure fluids and mixtures with excellent predictive power and
high potential for further development. For that purpose. molecular models of 78 pure
fluids, like nitrogen. oxygen, ethane, carbon monoxide, carbon dioxide, halogens, and al-
ternative refrigerants, were developed on the basis of the two-center-Lennard-Jones model
fluids with point quadrupole (2CLJQ) or point dipole ( 2CLJD). A new parametrization
approach based on global correlations of the vapor-liquid equilibria of these model fluids
allowed the efficient development of these molecular models. The vapor-liquid equilibrium
data of the 2CLJQ/2CLJD model fluids used for the development of the global correla-
tions were calculated by means of molecular simulation. The 2CLJQ/2CLID models yield
typical relative deviations from experiment of +0.5% for the saturated liquid densities,
about 4% for the vapor pressures, and 3% for enthalpies of vaporization. They are
essemtially more accurate than existing molecular models from the literature. Also in
homogeneous fluid states far away from the vapor-liquid equilibria, they describe therme-
physical properties with good accuracy. More elaborate Lennard-Jones based molecular
models of ethylene oxide and methanol, were developed.

These compatible models of real pure fluids were applied straightforwardly for the
modeling of 45 binary interactions of unlike molecules in real fluid mixtures. Unlike
Lennard-Jones interactions were described with the Lorentz-Berthelot combining rules.
Purely predictive simulation results with these combining rules showed. that these molec-
ular models predict vapor-liquid equilibria of real mixtures more reliably than the Peng-
Robinson equation of state. The molecular models describe vapor-liquid equilibria of
real mixtures quantitatively, when a binary interaction parameter is used in the Lorentz-
Berthelot combining rules, that was adjusted by a simple method to a single experimental
equilibrium pressure for each mixture modeled here.

These molecular models of binary interactions of unlike molecules were used in the
present work for the quantitative prediction of vapor-liquid equilibria of five ternary mix-
tures. They describe vapor phase compositions and saturated liquid and vapor (Ie;xlsitim
more reliably than the Peng-Robinson equation of state.

The results of the present work show, that the newly developed molecular models of
real pure fluids and mixtures offer a high potential for further application.
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Kurzfassung

Fiir die Auslegung und Optimierung verfahrenstechnischer Prozesse werden thermophy-
sikalische Stoffdaten von Mischungen benétigt. Da hiufig nur eine schmale experimentelle
Datenbasis vorliegt, werden Methoden benétigt, die eine quantitative Stoffdatenvorher-
sage ermoglichen. Hierfiir werden iiblicherweise Zustandsgleichungen oder GE-Modelle
verwendet, die zwar sehr gute Korrelationswerkzeuge sind, aber Schwiichen bei der Stoff-
datenvorhersage zeigen. Das Entwicklungspotenzial dieser Anséitze erscheint ausgereizt.

In der vorliegenden Arbeit wird gezeigt, dass molekulare Modellierung und Simulation
ein alternativer Modellierungsansatz fiir fluide Reinstoffe und Mischungen mit sehr guten
Vorhersageeigenschaften und hohem Entwicklungspotenzial ist. Hierfiir wurden fiir 78 un-
polare, quadrupolare und multipolare Reinstoffe, wie zum Beispiel Stickstoff, Sauerstoff,
Ethan, Kohlenmonoxid, Kohlendioxid, Halogene, und alternative Kéltemittel, moleku-
lare Modelle auf Basis der Zwei-Zentren-Lennard-Jones Modellfluide mit Punktquadrupol
(2CLJQ) bzw. Punktdipol (2CLJD) entwickelt. Ein neuer, auf globalen Korrelationen
der Dampf-Fliissigkeits Gleichgewichte dieser beiden Modellfluide beruhender Parame-
trierungsansatz ermoglichte die effiziente Modellentwicklung. Die fiir die Entwicklung der
Korrelationen benétigten Dampf-Fliissigkeits Gleichgewichte der Modellfluide wurden mit
molekularer Simulation berechnet. Typische relative Abweichungen dieser Modelle von ex-
perimentellen Daten liegen bei £0.5% fiir Siededichten, bei etwa +4% fiir Dampfdriicke
und bei £3% fiir Verdampfungsenthalpien. Sie sind wesentlich genauer als Modelle aus der
Literatur. Auch im einphasigen fluiden Zustandsgebiet weit aulerhalb des Nassdampfge-
biets beschreiben diese Modelle Stoffeigenschaften mit guter Genauigkeit. Fiir Ethylenoxid
und Methanol wurden aufwindigere Lennard-Jones-basierte Modelle entwickelt.

Mit. diesen kompatiblen Modellen realer Reinstoffe wurden 45 Modelle bindrer Wech-
selwirkungen ungleicher Molekiile in realen Mischungen entwickelt. Ungleiche Lennard-

Jones-Wechselwirkungen wurden mit den Lorentz-Berthelot Kombinationsregeln berech-
net. Rein pridiktive Simulationen mit diesen Kombinationsregeln zeigten, dass diese
molekularen Modelle Dampf-Fliissigkeits Gleichgewichte realer Mischungen zuverlassiger
vorhersagen als die Peng-Robinson Zustandsgleichung. Eine quantitative Beschreibung
der Dampf-Fliissigkeits Gleichgewichte realer Mischungen ist moglich mit einem binéren
Wechselwirkungsparameter in den Lorentz-Berthelot Kombinationsregeln, der fiir jede
der hier modellierten Mischungen mit einer einfachen Methode an einen experimentellen
Gleichgewichtsdruck angepasst wurde.

Diese molekularen Modelle bindrer Wechselwirkungen ungleicher Molekiile wurden
in der vorliegenden Arbeit zur quantitativen Vorhersage der Dampf-Fliissigkeits Gleich-
gewichte von fiinf ternéren Mischungen verwendet. Im Vergleich zur Peng-Robinson Zu-
standsgleichung beschreiben die molekularen Modelle die Damplzusammensetzung sowie
die Siede- und Taudichten deutlich zuverlissiger.

Die Ergebnisse der vorliegenden Arbeit zeigen, dass die neu entwickelten molekularen
Modelle realer Reinstoffe und Mischungen fiir weitere Anwendungen geeignet sind.
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1 Introduction

1.1 Molecular Based Methods in Chemical Engineering?

With the evolution of new technologies in the 21% century. ranging from biotechnology,
material science, and nanotechnology to pharmacogenomics and molecular design of drugs
and specialty chemicals, chemical engineering faces new challenges. For the exploitation
of the tremendous market potential of these technologies, chemical engineers need to
rapidly design and optimize processes for the efficient on-demand production of an in-
creasing number of tailored substances. On that background, molecular based methods,
like molecular simulation or computational chemistry, gain importance and acceptance in
industrial applications [43, 135] and will, as indispensable tools, accompany the methods
conventionally used in chemical engineering [102]. This development requires an extension
and a relocation of the foci of chemical engineering research and education, that will be
characterized by increasing interdisciplinarity. The benefits gained from molecular based
methods in chemical engineering will reward these efforts [77, 205]. Various examples for
the successful application of such methods in chetuical industry exist [69, 102].

The advantages of the application of molecular based methods in chemical engineering
are twofold. The insights into the micro- and nanoworld gained from such methods allow
a deeper understanding of phenomena on the molecular level, for example the adsorption
of reactants on catalyst surfaces or the hindered diffusion of reaction educts and products
in zeolites [69]. Such knowledge helps to optimize macroscopic processes at their very
roots. The second advantage is related to the paramount importance of the availability of
reliable data on thermophysical properties of mixtures for process engineering [138], where,
in particular, phase equilibrium data. or more detailed, vapor-liquid equilibrium data, are
broadly needed. Due to the high costs of experimental laboratory work, the prediction
of thermophysical properties of mixtures on a narrow experimental data base has always
been a very important issue for practicing epgincers. Conventionally, equations of state,
like the Peng-Rabinson or the Scave-Redlich-Kwong equations of state, or models of the
Gibbs free energy GE [348], are used for the correlation of experimental data of mixtures,
however, they are known to lack often in predictive power and hold little promise for
further improvements. Therefore, the low-cost but reliable prediction of thermophysical
properties is still a demanding problem. In this context, the broader substitution of
laboratory experiments by the application of computer power for the reliable molecular
based pseudo-experimental prediction of physical and thermophysical properties of new
substances will be an important cost saving factor for more accurate and faster process
design in future [102].

The present work focusses on the prediction of thermophysical properties of pure flu-
ids and mixtures by means of molecular simulation [3, 114], which is at present the most
important molecular based method that combines high potential for further development,
flexibility, and — very important for practical applications — reasonable computational ef-
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fort. cf. for example [50, 69, 134, 135] for overviews. Classical statistical “.1“-‘““0(1.‘““-‘5“1'(5
is used to obtain various thermophysical properties from molecular ﬁitlllllﬂtl()l'lt‘ f_ur example
vapor-liquid equilibria (cf. the remainder of this work for l'(‘f(‘l'('n('(‘h',-' solubilities [1 172}-
or diffusion coeflicients [447]. Moreover. molecular simulation is applicable _'0 the ‘.“"'3‘5“'
gation of molecular scale phenomena, like the structure and tlu-numl_\'nmm(:?% of _Ijitl‘ogen
clusters [335], the properties of vapor-liquid interfaces of real fluids [199, 269, 272, -1"2?}.
nucleation [171. 200], thermophysics in nanostructures [215, 257, 443], or even mechanical
slide friction [213], to cite only some.

In addition to molecular simulation, further important molecular based methods are
the COSMO-RS method [177, 178, 179], and Car-Parrinello methods [35. 43].

In the COSMO-RS method the energetic pairwise interactions of molecular surface
clements are described by means of surface charge density distributions of the pure fluids
obtained from unimolecular — and therefore fast — quantumn chemical electronic-structure
caleulations using the continuum solvation model. Typically. density functional theory is
used for these quantum chemical calculations. Based on this information, the COSMO-
RS method allows predictions of a multitude of thermophysical properties of mixtures by
means of very fast unidimensional Boltzmann statistics [84, 85]. The low computational
effort, that allows bridging between molecular based methods and process simulation
[58, 102], the general applicability to different kinds of mixtures, and the predictive re-
sults of the COSMO-RS method are appealing. The drawback of the method is, that
configurational effects are treated only conventionally like in GE-models.

Car-Parrinello methods [35, 43] combine quantum chemical methods based on density
functional theory with molecular dynamies simulation. This approach predicts, at least
in principle, all kinds of molecular interactions, adjustable parameters are not necessary.
However, compared to molecular simulation, the computational effort is exceedingly high
for Car-Parrinello methods, even though only comparably simple quantum mechanical
approaches are used, which, furthermore, can lead to considerable errors in the prediction
of molecular interactions.

In contrast to the Car-Parrinello approach, molecular simulation uses semiempirical
potential functions, hereafter also called molecular models. to model molecular interac-
tions._ This approach allows simulations with an acceptable computational effort, but, as
mentioned above, requires the parametrization of the molecular models.

The _ce?ﬁreful parametrization of molecular models of pure fiuids is of kev importance
for obtaining quantitative thermophysical properties from molecular simul at,i-on. Exoellent
molf"’"lm' models of pure fluids are a prerequisite for accurate modeling of mixtures.
Various methods for the optimization of model parameters were developed, of. Chapter
5. and the rf:ferencers in ‘Appendix L but, in general, the fine tuning of model parameters
;()em:;ms a ftgn.ze consuming task. I.n m.any recent studies, quantum chemistry was applied
'cr ; (?l:;el ;3 cient model pa,ra.metnzatwn, cf. examples in Chapter 4. Quantum chemistry
is typically used for the specification of Coulomb charges in molecular models, or for the
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parametrization of elaborate potential functions, that are not conveniently transferable
to mixtures. More research work on the application of quantum chemistry to model
parametrization is needed. The literature survey in Chapter 4 shows, that there is still
a lack of molecular models of pure fluids and mixtures, that hinders the exploration of
molecular simulation in industry.

1.2 Contributions of the Present Work

The two principal goals of the present work were: firstly, to develop efficiently quantitative
molecular models of a large number of pure fluids, secondly, to apply these pure fuid
models to modeling of mixtures.

Usually. molecular models are developed individually for each real fluid. This approach
is time consuming and only efficient for complex fluids. An alternative route was followed
in the present work. It allowed the efficient development of state-independent, simple but
accurate and compatible molecular models of 78 low-molecular fluids, most of which are
important in industrial applications. These models can directly be used for modeling of
mixtures. The basic idea of this route is the modeling of classes of real fluids with similar
shapes and polarities by classes of simple physically meaningful molecular models, This
approach is particularly well adapted to the optimization of molecular models with low
number of adjustable model parameters.

In the present work, the class of unpolar or quadrupolar fluids (23 fluids) and the class
of multipolar fluids (55 fluids) were modeled. The latter have, apart from their molec-
ular dipole moment, also higher molecular polar momenta. Typical quadrupolar fluids
are nitrogen, oxygen, ethane, carbon dioxide, or halogens, whereas carbon monoxide or
alternative refrigerants are typical multipolar fluids. For the modeling of these fluids two
three-site model classes based on the two-center Lennard Jones model (2CLJ) with embed-
ded non-polarizable point quadrupole (2CLJQ) or non-polarizable point dipole (2CLJD)
were used. The class of 2CLJQ models was used for the modeling of quadrupolar fluids.
For the modeling of multipolar fluids, the 2CLJD and 2CLJQ model classes were used.
Unpolar fuids were modeled without polarity. In reduced properties both model types
have only two parameters, the reduced elongation, i.e. the distance of the Lennard-Jones
interaction sites, and the reduced quadrupole or dipole momentum. This allows carrying
out comprehensive studies of the thermodynamic properties, like vapor-liquid equilibria,
of the model classes. Moreover, these models permit the use of simple combining rules in
the modeling of mixtures, and they reduce the computation time in computer simulations
considerably.

Correlations of vapor-liquid equilibria of the 2CLJQ and 2CLJD model fluids were
developed as functions of the model parameters on the basis of comprehensive vapor-
liquid equilibrium data from molecular simulation generated in this work. These empirical
correlations were used for fitting of the model parameters to experimental vapor-liquid
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equilibrium data. This is a new approach which made it possible to find parameters for a

large number of real fluids. )

Apart from this new optimization approach based on model classes, a way to determine
parameters of more specialized molecular models is discussed in the present work and used
for developing models of ethylene oxide and methanol.

The present molecular models of pure fluids were used as a basis for the development of
molecular models of 45 real mixtures. This work is the broadest application of molecular
simulation to the quantitative description of thermophysical properties of real pure fluids
and mixtures presently available. For all mixtures modeled here, an adjustable binary
interaction parameter in the energetic part of the modified Lorentz-Berthelot combining
rules is used for improved accuracy. This binary parameter accounts for polarization effects
between unlike molecules and can be adjusted efficiently by a simple method developed
in the present work.

The present work is structured as follows: in Chapter 2 the theoretical background of
the molecular simulation methods applied here is briefly deseribed, in Chapter 3 the results
of the comprehensive investigation of the vapor-liquid equilibria of the 2CLJQ/2CLID
model fluids are presented and the development of the empirical correlations is described,
in Chapter 4 the new molecular models for fluid classes are discussed. in Chapter 5 the
optimization of the molecular models of ethylene oxide and methanol is described, and
in Chapter 6 results from molecular modeling of real binary and ternary mixtures are
compared to those from equations of state. In Chapter 7 the present work is summarized
and an outlook on future work on the development of quantitative molecular models is
givern.

In the present work, answers are given to the following questions: Which depth of
molecular modeling is required for the accurate description of thermophysical properties
of real quadrupolar and multipolar fluids? Are state-independent models sufficient for that
purpose? Are such models predictive? Should molecular polarizability be modeled explic-
itly? How do effective molecular models perform in the modeling of real mixtures, where
polarization occurs? How does molecular simulation compare to conventional methods?

] The many positive results shown in the subsequent chapters underline, that compar-
atively simple state independent molecular models are sufficiently accurate to yield a

close-to-experiment description and prediction of thermophysical properties of pure fluids
and mixtures.
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2 Molecular Simulation

In this chapter, the theoretical background of the molecular simulation methods applied
in the present work is outlined. After a short description of the modeling of molecular
interactions by means of semiempirical, effective pair potentials in Chapter 2.1, the cal-
culation of averages of thermophysical properties from molecular simulation is sketched
in Chapter 2.2. In Chapter 2.3 the two molecular simulation methods used in the present
work — molecular dynamics and Monte Carlo - are explained. In Chapter 2.4, expressions
of the chemical potential and the partial molar volume are derived from partition functions,
and two methods used in the present work for the calculation of these properties in molec-
ular simulations — test particle insertion and gradual insertion — are described. Chemical
potentials and partial molar volumes are needed for the NpT+Test Particle Method and
the Grand Equilibrium Method, c¢f. Chapter 2.5, that were used in the present work for
the calculation of vapor-liquid equilibria.

The assumptions adopted throughout this work are: rigidity of the molecules, i.e.
internal degrees of freedom are not modeled explicitly; classical approximation, i.e. the
molecules are considered as particles and their translational and rotational motion is
described by classical equations of motion: only pairwise additive potentials are considered;
the energetic contributions from different types of interactions simply add up, i.e. no cross
effects are considered.

2.1 Models of Molecular Interactions

Interaction energies between molecules stem from electrostatic and magnetic interactions
of the molecular charge clouds and nuclei. Usually, models of molecular interactions
only describe interactions resulting from electrostatics, as they are about four orders
of magnitude higher than the magnetic interactions [132]. Therefore, only molecular
interactions resulting from electrostatics are considered in the present work.

Molecular interactions resulting from electrostatics can be separated into different con-
tributions. At large intermolecular distances, dispersive and electrostatic multipolar inter-
actions can be distinguished. The latter ones are caused by permanent molecular charge
distributions. At small distances, molecular interactions are repulsive due to charge cloud
overlaps. Furthermore, strong. highly directional, short-ranged hydrogen bond interac-
tions may ocecur. :

In the present work, dispersive and repulsive molecular interactions at interaction site
distance r are modeled with the Lennard-Jones pair potential function [132]

R CIO) g

In Equation (1) the physical r~6_term describes dispersive interactions at long range, the
empirical 7~ '2-term describes repulsive interactions at short range.
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s of molecules can be described by the interac-
used for modeling methanol in the present work.
scribes the molecular multipole momenta of the

Electrostatic multipolar interaction
tions of sets of point charges, which are
The arrangement of the point charges de
methanol molecule. Furthermore, the point charges model hydrogen bonding of methanol
molecules. In order to decrease the number of model parameters, it is often more con-
venient to model molecular electrostatic multipoles by point multipoles. In the present
work, non-polarizable point dipoles and axial point quadrupoles are used for modeling the
electrostatic interactions of 78 quadrupolar or multipolar fluids. The pair potentials for
miutual interactions of point charges, point dipoles, and point quadrupoles are given in
Appendix A.

In the present work, molecular models are constructed by additive superposition of
Lennard-Jones interaction sites and point charge. point dipole or point quadrupole inter-
action sites located within the Lennard-Jones site structure.

2.2 Averages of Thermophysical Properties

A fluid bulk phase of m components in a defined macroscopic state, for example at given
Volume V and temperature T, is modeled here as a system with a very large number N
of rigid spherical or non-spherical molecules

N=Y"N, 2

wherein the index a counts the m components. The interactions of the molecules are
described ?:-y model potentials. For these N molecules, a multitude of more or less probable
microscopic states are allowed, that all represent the same macroscopic state. Statistical
thermodynamlc's allows to deduce macroscopic thermophysical properties of this fluid bulk
plfa.se, suc.h as internal energy or pressure. as averages of the ensemble of the accessible
microscopic states. As example, the NVT-ensemble with specified number of molecules,
volume, and temperature is used here.
_ dln t}_f classical limit, a microscopic state of the N molecules in the NV T-ensemble
is esc;-; ed by their spatial positions and translational impulsions, and, in the case of
;c;n-s;;henga.l molecules, also by their orientations and angular momenta. These form
0 - 5 . . " o ; ’ k
gether a single point in the phase space T yyp. It is convenient to spli he phas
space I'yyr into the ideal phas id g
ik : phase subspace I'{ly.; of translational impulsions and angular
omenta, and into the configurational phase subspace ISy of positions and orientations
molﬁ;ﬂ therrgophys};ca.l property A depends on the microscopic state variables ‘of the N
es and can be written as sumn of an i -ontributi id
sy f an ideal contribution A™, that depends only

~vr, and a configurati ibuti
vicriables in Ty, gurational contribution A, that depends only on the

A(Crvr) = A9 (TR, 1) + A° (Thvr) - 3)
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As amultitude of microscopic states are allowed. the thermophysical property 4 fluctuates.
Its macroscopic average can be expressed either as time average [148]

(), = Jim } (44 T8y 1 (8) + A° (D (1)] i )
= <Aid>f+<A°>f, (5)

or as ensemble average

{AYns ' — f “ A (Tiyyr) A9 (Tigyr) dUigy
4 f A (D7) £ (Thryr) Sy ©)
= (A% + (A (7)

Equations (5) and (7) are equivalent according to the theorem of ergodicity [410]. In
Equation (5) Tid, (t) and T%y4 (t) are the trajectories of the N molecules system in the
two phase subspaces. In Equation (7) p'4(T,.;) and p°(I'%y) are normalized weighting
probability densities for the microscopic states [3]. Due to the equivalence of Equations (5)
and (7). the average is generally noted without index

(A) = (4)r = (Aens. (8)
For example, the macroscopic average of the internal energy is, ef. [141],
_ N-1 N
Oy =U) +3_ > u Thvr)), ©
i=1 j=i+l
and the macroscopic average of the pressure is, cf. [141],
S Bu., (o)

0 = ) ~ (50 ZZ

i=1 j=i+1

v = (10)

wherein the second term on the right side is the configurational contribution to the internal
energy U¢ (Equation (9)) and the configurational contribution to the pressure p° (Equation
(10)).

In Equations (9) and (10) u§; (Tky) is the potential interaction energy between mo-
lecules i and j.

According to the theorem of equipartition of the kinetic energy [266], the temperature
T of the m-component mixture with N molecules is related to the average of the kinetic
energy U™ of the N molecules, that depends only on variables in T,

2

i id (id
" (3No + 3Nz + GN3) kg (U (Civr)) @y
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wherein Ny is the number of spherical t]lu](‘('l.ll(‘h'. Nz is lh(:rl]lu_mb:r::i;}:l?;gzrn&:
molecules, and N is the number of asymmetric I'll(lll.'('lll(h‘ I pua‘ |k ot 0
dom are fully accessible at the temperatures studied in .tlu- pn:-vnit ]‘-‘“r I o
of freedom like vibration and bending are not included in the modeling. in :

the kinetic energy U™ of the N molecules is

v (Tiy) + U (ris) 12)

No N3
LSS e + 3 3 [myod + (leyy + i)
Jos miv; + [va) + ( rrjej Wiy
2 i=1 2 =1

it

U (CRvr)

il

NH . .2
+% Z fmkvi + (Ixxk-“';k 25 ]vuk""sk e [::kw:k)} . (13)

k=1

Partition functions and their relation to averages of thermophysical properties are
explained in Chapter 2.4.1.

2.3 Molecular Simulation Methods

Molecular simulation is used in the present work for estimating averages of configura-
tional contributions to macroscopic thermophysical properties of model bulk fluids. For
adequate estimation of configurational contributions, molecular simulation methods m}lst.
ensure that primarily the most probable configurations are sampled efficiently according
to their weighting probabilities during the simulation. These configurations contribute
most significantly to the configurational parts of thermophysical properties.

For that purpose, two principal approaches exist. that were both applied in the present
work: molecular dynamics simulation and Monte Carlo simulation [3, 114]. These methods
generate new configurations of the molecules in different ways. The Monte Carlo method
subsequently generates a new configuration on the basis of a present configuration, so that
the configurations are elements of a Markov chain [3, 410). Results from Monte Carlo
simulations are estimates for ensemble averages according to Equation (7). In contrast,
molecular dynamics simulations solve Newton's equations of motion and thus yield the
trajectory of the configurations. They yield, hence, estimates for time averages according
to Equation (5).

Prior to a closer description of these methods, some concepts common to both methods
are outlined.

Due to computational costs, molecular simulations of bulk fluids for obtaining ther-
modynamic properties are typically restricted to approximately 1.000 molecules. This
number, though essentially lower than the some 102 molecules in real bulk fluids, is yet
suflicient for obtaining results with accuracies suitable for engineering applications, if peri-
odic boundary conditions are applied to the cubic simulation volume of finite size, usually
salled simulation box. Periodic boundary conditions discharge the simulation from border
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influences by turning the small model system to a quasi-infinite one and are, hence, the
basic concept that allows to estimate bulk phase thermodynamics from simulations of
small model systems.

As a consequence of the finite size of the simulation box, molecular interactions can
only be evaluated explicitly within a cut-off sphere. In the present work, the cut-off
sphere is centered on the center of mass of each molecule, i.e. center-of-mass cut-off was
chosen. With center-of-mass cut-off the interactions between the sites on two molecules
are only evaluated, if the distance of the two molecular centers of mass is within the
cut-off sphere of radius r., otherwise the two molecules do not interact. The interactions
of the molecules within the cut-off sphere with the fluid outside the cut-off sphere must
not be neglected. Under the assumption, that the fluid outside the cut-off sphere is
homogeneous and isotropic, long-range corrections are taken into account. Details on
long-range corrections are given in Appendix A.

In the present work. molecular simulations were started from a cubic face-centered
lattice arrangement of the N molecules. In the case of molecular dynamics simulations,
translational and rotational velocities are randomly ascribed, the total translational and
rotational momenta are set to zero.

Molecular dynamics simulation

Molecular dynamics simulations are based on Newton's classical equations of motion of
rigid bodies. The forces and torques on molecules resulting from molecular interactions are
evaluated and used to describe the translational and rotational motion of the molecules.
By their nature, the laws of dynamics ensure that configurations with high weighting
probabilities occur preferably.

The translational and rotational motions of the molecules are conveniently described
with reference to their center of mass. With F°' being the sum of all forces exerted on
molecule 7, the translational motion of the center of mass of this molecule, located at 7y,
is governed by Newton's law

Fiot = myiy, (14)

wherein m; is the mass of molecule 7.
A symmetric linear molecule i has two rotational degrees of freedom. In that case,

the Euler equations in the molecular body-fixed (superscript “b”) principal axis system
centered in the molecule’s center of mass are

e R (15)

wherein TE"“" is the sum of all torques exerted on molecule 7 and I; is the diagonalized ten-
sor of the molecular momenta of inertia. For asymmetric molecules with three rotational
axis, the Euler equations extend to

T_:-)g"mt = I:tmid)sf T (Iyyz e Izzi) W}:«iwfﬁ (16)
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10
il Tty = (Tzzi = Lexi ) Wi (17
ot = Lol — (Teni = Top) i (18)

Molecular forces and torques relevaut for the present work are given in Appendix A.

As exclusively compact rigid molecules without internal degrees of freedom are con-
sidered in the present work, quaternions g; = (Goi. s G2i- G3i) can advantageously be used
for describing the spatial orientations of each molecule i [3]. They satisfy the constraint

3

> ak=1 (19)

k=0

Compared to rotation algorithins based on Euler angles. quaternion based rotation algo-
sithms have the advantage to be free of singularity traps and are therefore implemented
more conveniently [3]. During molecular dynamics simulations torques are evaluated in
the space-lixed coordinate system (superscript “s™). For the evaluation of Equations (15)
and (18) they must be transformed to molecular body-fixed principal axis coordinates.
For that purpose the quaternion-based rotation matrix A;, defined for molecule i as, cf.

3]

@+ G — g3 — % 2(quige: + qoigai) 2 (quiqs:i — GoiGai)
A; = | 2(g1ig2: — oiGai) @& — @ + g% — a3 2(g2gs + goiqus) (20)
2(quigs: + Qoigei)  2(QoiGs — Qoiqui) G — G — 9% + T

is used, so that

‘r}"m‘ - 'r::"tm. (21)

: Solv'n.lg ljlqua,tions (15) and (18) in a quaternion based algorithm requires that the
time derivatives of the quaternions be coupled to the angular velocities according to the
following equation, cf. [3],

dos Qoi —(ui —Qu —Qu 0
Gu | _ 1| @i G —gx  qu w?,
3 = iy Ti
‘%’21 2| 9% @ gu —Gu wb, 22)
93i q3i —q2; q1i qoi Wb

T i : .
i e::, tr::(];s‘limonal equatlo.ns of motion, of. Equation (14). were solved numerically with
predictof B ictor-corrector integrator [125] of fifth order. whereas a fourth order Gear
cf EQua.t-k?nr;e(cf;}r t[;ggat;’r(;;s r ed for solving the rotational equations of motion,
iy ! anc . A detailed descripti P 3
integrator is available in [338]. Geseription of the Gear predictoniigie s
Thermostating i . S
isoldnetl;t;n;):;‘];tmg ;Ilnlolecu.]ar dynamies simulations in the NpT-ensemble was assured by
ng of translational and angular velocities [139]. With T being the specified
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temperature. the scaling expressions for the velocities of each molecule stem from the
theorem of equipartition of the kinetic energy and write as

1/2
s [ 3NT
i — s 7 5 (23
23:1 M5z ;
for the translational velocities of all molecules,
1/2
sl 2N,T
wiel = o, [ T > . (24)
Zj:l ( zrjWz; T+ be’jwyj)
for the angular velocities of the N, symmetric linear molecules, and
1/2
- 3N:T
i g [ = . e . (25)
23‘:1 (I:rﬂ-j‘"":j + Iuyj‘-"m i+ Izzjwzj)

for the angular velocities of the N3 asymmetric molecules. After each integration time
step, the translational and angular velocities are scaled according to Equations (23) to
(25).

Molecular dynamics simulations in the NpT-ensemble were barostated according to a
method suggested by Andersen [4]. For that purpose, an equation is introduced, that
allows fluctuations of the volume V' of the simulation box

V=(-p)/C, (26)

wherein p is the pressure due to the actual microscopic state, ps is the specified pressure,
and C is an inertia parameter ascribed to the volume of the simulation box. Equation (26)
assures that the time average of the pressure (p), equals the specified pressure p,. A Gear
predictor-corrector integrator of fifth order was used for solving Equation (26) numerically.
The introduction of Equation (26) requires the use of center-of-mass vectors scaled to
the edge length of the simulation box of volume V'
Ty e
Pi= 7 (27)
Then. as shown in [3], for molecular dynamics NpT-simulations the translational equations
of motion, cf. Equation (14), transform to

b i 2V
s AR kg B 28
Pi miV]’/,g 3p1V ( )

After each integration time step, a new configuration is obtained, that contributes to
the caleulation of the averages of the considered thermophysical properties.
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Monte Carlo simulation

Monte Carlo simulations are carried out by stochastic generation of molecular con-
figurations, that are accepted or rejected according to criteria based on energy changes.
Thermostating is no issue in Monte Carlo simulations, as temperature is a given simu-
lation parameter. Moreover, the absence of dynamics in this simulation method allows
unphysical moves.

Monte Carlo simulations are organized in loops, that are comparable to integration
time steps in molecular dynamics simulations. Within one Monte Carlo loop, a sequence
of configurational changes is processed. Configurational changes are, for example, transla-
tional and rotational moves of the molecules, fluctuations of the volume of the simulation
box for NpT-simulations, and insertion and deletion of molecules for simulations in the
grand canonical gV T-ensemble. of. Chapters 2.4.1 and 2.5.2. The implementation of the
gradual insertion method, ¢f. Chapter 2.4.2. in Monte Carlo simulations requires further
{ypes of changes in the Monte Carlo loops, like changes of size or geometrical structure of
molecules.

The Metropolis algorithm. the basic Monte Carlo algorithm for efficient, non-biased
generation of configurations, is described here briefly.

If & new configuration shall be generated by a translational move of a molecule. among
all N molecules one molecule 7 is selected at random. Then. molecule ¢ is displaced from
its location 7; to another location 7; + 67, where the displacement vector &7 is chosen
randomly with equal probability for all three space directions, and [07| < 67rpax. With 6U
being the change of energy between the present configuration and the configuration re-
sulting from the suggested displacement of molecule 1. this translational move of molecule
7 is accepted with the probability

min (1, exp(—338U0)) . (29)

{L completely analogous scheme, where orientations are considered instead of locations.
t(\pphes to the generation of new configurations by rotational moves of molecules. It is
important, that the angular displacement dw, with |dw| < 6wy, for molecule i results
{rc.)m a ?mldmn choice with equal probability for all orientations, that is from unbiased
o.rwﬂtatmnai random sampling on a unit sphere. In the present work, the orientation of
linear molecules . Monte Carlo simulations was described by means of a single unit vector
lzler n:nolecule. Orientational moves of these unit vectors were performed according to an

gonthr;l described in [3]. The orientations of asymmetric molecules were described by
means of quaternions, that can be sampled uni i ;
: : pled uniformly according t ie i
i i y ng to an efficient algorithm
Controlled fluctuations of th
: e volume of the simulati ¢ 3 i
T e e 1e simulation box allow the barostating of
&7 k%8 vandom: Aot t:- (;.T 'Idt' purpose, a new volume V + 6V is chosen, wherein
uctuation of volur Vi 3V, /i i :
et Dl s . ne, with |[6V| < 6V ,yax. With 6U being the change of
en t niguration at present volume V and the configuration at suggested
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volume V' + 6V, this volume fluctuation is accepted with the probability
min (1, exp [-8 (6U + ps6V — NkgT In ((V + 6V)/V))]), (30)

wherein ps is the specified pressure.

The choice of the maximum displacements 8Tax. 6Winax; and Vi, influences the
efficiency of phase space sampling during a Monte Carlo simulation. It is generally advised
to choose values for these displacements that allow acceptance rates for each move type
of about 50 %.

The probabilities that control the calling of the various move types are generally se-
lected in such a way as to try N translational moves, (f™/3)N rotational moves (f™" is
the number of rotational degrees of freedom per molecule), and one volume fluctuation
for NpT-simulations within one loop.

Results from molecular simulation show fluctuations. In the present work, statistical
uncertainties of simulation data were determined with the block-averaging method pro-
posed by Fincham et al. [107], ef. also [135] and [3]. Statistical uncertainties of properties
calculated from simulation results, for example vapor pressure or saturated deusities, were
determined with the error propagation law.

2.4 Chemical Potential and Partial Molar Volume

The NpT+Test Particle Method, cf. Chapter 2.5.1, and the Grand Equilibrium Method,
cf. Chapter 2.5.2, applied in the present work for the calculation of vapor-liquid equilibria,
require the chemical potentials y; and, in the case of mixtures, the partial molar volumes
v; of each component in the two phases considered in equilibrium.

Various methods were suggested for the calculation of the chemical potential. or, more
general, of the free energy, cf. [114] for an overview, and [23, 25, 32, 63, 146, 182, 216, 322]
for recent works on this subject. Among these methods, the test particle insertion method,
cf. [435] for the NVT ensemble and [358] for the NpT' ensemble, and, in some cases, the
computationally more elaborate gradual insertion method [241, 242, 243, 276, 300, 356,
420] were used in the present work. Apart from the chemical potentials, both methods
allow obtaining the partial molar volumes from the same molecular simulation without
further computational effort.

For the derivation of the expressions for the chemical potentials and the partial molar
volumes of each component in a multicomponent mixture in the NpT-ensemble the parti-
tion function @Qnyr of this ensemble is needed, cf. Chapter 2.4.1. In Chapter 2.4.2, after
the derivation of the expressions for the chemical potentials and the partial molar volumes,
the test particle insertion method and the gradual insertion method are described.
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2.4.1 Partition Functions

All thermophysical properties of a statistical ensemble are r«-lr}t.(-(l to the part-itio.n fune-
tion of that ensemble. These relations are shown here exemplarily for the avs‘,r'age mtefrf:al
energy and the average pressure of the NVT-ensemble. Based on the NVT-partition
function, the partition function of the NpT-ensemble with specified pressure p and tem-
perature 7 for the N molecules is described. The NpT-partition function is needed for the
derivation of the expressions for calculating the chemical potentials and the partial mo-
lar volumes in Chapter 2.4.2. As the Grand Equilibrium Method applied in the present
work for the caleulation of vapor-liquid equilibria of mixtures is based on quasi grand-
canonical simulations, ¢f. Chapter 2.5.2, the partition function of the grand-canonical
pV T-ensemble with specified chemical potentials ;. volume V', and temperature T is also
deseribed here.

NV T -ensemble

In the classical limit, the NV T-partition function for the m-component mixture intro-
duced in Chapter 2.2 is

m

1 BM(Tav
Qnvr = 1R, Ng! - pfaNa fr e PHEnvr) l I dlg v, (31)
as NVT

a=1 " a=1

wherein a is the component index, f, is the munber of degrees of freedom of a molecule
of species a, H = U'd 4 U° is the Hamiltonian of this system, and

B =1/{ksT) (32)

is the inverse temperature. I’y represents all phase space variables of the m-component
mixture, Iy vy are the phase space variables of the N, molecules of component a. The
division by the factorials of N, accounts for the indistinguishability of the molecules
belonging to component a. The division by the powers of h is due to the constraints of
Heisenberg’s uncertainty principle and makes the partition function dimensionless. The
potential energy U contains additive contributions from Lennard-Jones interactions and
from interactions of point dipoles, point quadrupoles, and point charges.

The Hamiltonian allows to divide the partition function into an ideal and a configura-
tional contribution. For that purpose, the components are separated into species o with
spherical molecules and species a” with non-spherical molecules. Spherical molecules of
species a’ have f# translational degrees of freedom and non-spherical molecules of species

" oY, tr.rot . N
a” have f"" translational and rotational degrees of freedom, hence they contribute in

different ways to the partition function. With this distir

e iction, Equation (31) can be sep-

Qnyr = H e R H o . (33)
-

a’
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with the ideal contributions Qi ;- and @, ... of each component

N, :
id i, VVa — AUt (Tid 5 ;
Qeave = T —mms f dowey = (Cwvr)arit ., {34)
Ngt! - R e g
N # 3
id ! Ve _ guidstrret (id T i
Qa".N"’T = _—___-_V . f‘f,’rmN = /.d e P ( ﬂ“'N‘”)d]‘—‘:;’.NVTf (35)
Noil - AT v

and the configurational contribution Q%

5 1
Qyyr = T /rf

NVT

=AU (Tsvr) H ary yvr (36)
a

The multiple integrals in the ideal contributions can be solved analytically. Only the
simple analytical expression for Q4 x4, cf. Equation (34), is given here exemplarily

£ VNar
Qo vvr= """ (37)
Nyl -AZ
wherein A, is the thermal de Broglie wavelength for component o’
Ty S (38)
T ekl

The somewhat cumbersome analytical solution of Q¥ v\ is explained, for example, in
(235, 410].

Thermophysical properties are related to the partition function. The average of the
Helmholtz free energy F, which is the appropriate thermodynamic potential for the NVT-
ensemble, depends on the partition function [3]

(F) = 5 Quvr. (39)
Moreover, with [388]

DUy ey 40

571, == o

the macroscopic definition of the Helmholtz free energy
(F)=(U)-T-(S) (41)

vields the following differential equation

8(F)
(Y = {F) = Te == (42)
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From Equations (39) and (42) the average internal energy of the NVT-ensemble is ob-
tained as [235)
= alIIQﬁ.’l"l‘ (43)
== "5,

Due to Equation (33), the average internal energy (U) can be decomposed into an ideal
and a configurational contribution. cf. Equation (9).

(U) = U*) + (U°)- (44)
From [388]

gif) = - 45
5] =-o (#)

the average pressure of the NVT-ensemble is obtained as

1 d In QNVT]

== | — . 46
o =3 | Tmr] ()

which yields the ideal and the configurational contributions to the average of the pressure,
cf. Equation (10),

p) = @) + (°). (47)

NpT-ensemble

For the m-component mixture considered here, the NpT-partition function is

2k : o0 m

Qnpr = m——ﬁf f e BMTwr) V] TT dr. wrdV (48
Y AR T2 T A Il anrdV  (48)

= T1Q¢mr [1Q mr - Q. @)

wherein V4 is an arbitrarily chosen reference volume 13]. By means of the average volume
(V') npr, the ideal contributions in Equation (49) can be written as
id Ny i
::'.NpT = {V)H;T : :’AN\T- (30)
id New, s
Qavpor = (V) N Qﬁ'.;\’\'?‘- (51)
s0 that the configurational contribution is

1 : o0 m
s =—*'—f f (U (Txyr) 4oV :
ke Voo Jrs,, Rl ) [ e ol (52)
T a=1
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In the configurational contribution, the outermost integration over the volume V' pre-

scribes the volume allowed for the phase space variable sets TS .

pVT -ensemble

In the grand-canonical uV/T-ensemble the chemical potentials py, . .., g,,. the volume
V', and the temperature T' are specified. Constant values of the chemical potentials are
assured by fluctuating numbers of molecules in the constant volume. Due to this particle
exchange, the uVT-partition function of the m-component mixture contains explicit sums

running over the numbers of molecules of each component [235]

N

Nim
2 § : e.ﬁme _eﬁumNm

=1 nm=1

1 1

—BH(Tuv Ty v ) :
: " € VTt ) T 53
nl! LT nml hhnit .+ fmnm fr,.v’r.u].., uVTon;..... n’"( )

Quyr

Il

“nm

N Ny m
Z Z [H eﬁ““N“] * Q(N=n1+tnm)VT- (54)

ni=1 ngm=1 La=1

The notation for the phase space I yv1p,....n., indicates, that the number of phase space
variables varies with the number of molecules. As shown in Equation (33) for the NVT-
ensemble, it is also possible to decompose the canonical partition function Q(x=n,+..+n,. v
in Equation (54) into ideal and configurational contributions.

In general, no analytical solutions exist for the configurational contributions to ther-
mophysical properties, but they can be estimated from adequate numerical methods. As
described in Chapter 2.3, molecular simulation is applied here to estimate these configu-
rational contributions.

2.4.2 Derivation, Test Particle Insertion, Gradual Insertion

The Gibbs free energy G is related to the NpI'-partition function of a m-component
mixture by

G(p,T, Ny, ..., Np) = —ksT In Qnprs (55)

with Quyr according to Equation (49). The chemical potential of component a is the
partial derivative of the Gibbs free energy with respect to the number of molecules at
constant pressure p, temperature 7, and numbers of molecules N, of the remaining com-

ponents b # a

aG

o (p, T, ) = [B_N., (56)

] 2T\ Nosta
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is an intensive property, that is expressed in terms of pressure,

The chemical potential fq
tiation can be approximated by the dif-

temperature, and mole fractions . The differen

ference of the Gibbs free energies of a system containing N, + 1, molecules of component

a and a system containing N, molecules of component a

G(@.T.N1,.. Na 4 1as . Ni) = G(p.T. Ny, -.s Nay oo Na)

palp T,2) = BT = 2 : LR ()

i (AT 5
QN.UF( a ';' 1 ) (58)

Qﬁ\‘p?‘ (-\a)

The derivation of the following contributions to the chemical potential are given in
Appendix B. As defined in Chapter 2.4.1, @'~ and a"-components are distinguished.

As shown in Appendix B, the chemical potential of a component a is composed of
three contributions

= —kgTln

fta (0, T> ) = fiiga (0. T) + pifa (T.za) + 415™ (p. T ) - (59)

In Equation (59) the ideal contribution ,u;;{ra (p,T) is for an a’ component

: 74 -
e (p.T) = —kaT'In LT (60)
N-AY
that writes also
u;;iTn’ (P T) = kBTl]J {{p) NpT -~ 4\:’}:] s (61)
and for an &” component
id (V) nr 1
Myrar (0. T) = —kgT In [‘ -
o B N Ra"(T) & (62)
that writes also
id .
Hpre (0, T) = kT In [{p) npr - Ror(T)], (63)

whf.:r(_ain the ideal t'e_rm B (T) is according to Equation (270) in Appendix B. The com-
position dependent ideal contribution 8. (T, z,) in Equation (59) is

Wiza (T.24) = knT'In 2o (64)

for an a’ or an @” com .
ponent. The . 5 - .
for an ' component residual contribution i (p. T, z) in Equation (59) is

uer (p.T,2) = —kpTIn [”(V_(e;;ﬂ_):)ﬂ] | (65)
NoT'
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and for an a” component

res - (V - (Eidww wrf !
e (p,T.x2) = —kgTh <V>Mal> >NPT] ; (66)

wherein the total orientational integral Q is according to Equation (272) in Appendix B.
Partial molar volume

The partial molar volume of the compouent a is the partial derivative of the chemical
potential y, with respect to the pressure at given temperature and mole fractions

A O,
Yo = [Bp :l'l‘.a'. (67)

With the chemical potential according to Equations (266) or (269) in Appendix B, Equation (67)
yields for @’ components, cf. [147],

_ V2 (e )
(V i <e_ﬁ¢’“f)r>NpT

Uy = (V)ors (68)

and for a” components

(V2 () )

(V- (e Pr)ptmr Wl )

Wt =

Test particle insertion, gradual insertion

Equations (65), (66). (68), and (69) clarify, that the key to obtaining the chemical
potentials and the partial molar volumes during a NpT simulation is the adequate calcu-
lation of the average of the Boltzmann factor exp(—3¢,). This can be done by means of
the test particle insertion method, that evaluates ¢, by placing test particles of species a
at randomly chosen positions (and orientations) within the fluid volume for each config-
uration obtained during the NpT simulation. In low to mid density phases, this method
vields the desired properties with reasonable accuracy. It fails, however, in the case of
dense liquid phases with strong molecular interactions, for example from polarities or par-
tial charges. In such cases, the application of the gradual insertion method significantly
improves the statistics for averages of the Boltzmann factor, and thus the accuracy of the
chemical potential and partial molar volume.

The gradual insertion method is briefly described here, further details and required
simulation parameters are discussed in [300, 420].

In the gradual insertion method the one-step insertion of test particles is replaced by
a multiple-step insertion of fluctuating particles. The method is an expanded ensemble
method that can be implemented in molecular dynamics and Monte Carlo simulations
[241]. as was done in the present work. Embedded into a NpT' simulation of a m-component
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mixture with N = Ny + ... + Nu+ ...+ Ny, molecules, a particle of species a, selected at
random, is defined as fluctuating particle, that evolves over a sequence of intermediate
states fi, with i = 0...c. where fo is a completely decoupled state, and f. is a fully coupled
state, whose properties are identical to those of real particles of the species a. That
is. the simulation evolves, by means of the fluctuating particle, between a system of N
molecules and an expanded system of Ny + ... + (N, + 1,) + ... + N;,, molecules. For
each intermediate state f; of the fluctuating particle, a NpT-sub-ensemble, referred to as
[N + fi] with weight wy, is defined. This requires, in addition to the standard Monte Carlo
moves in NpT' simulations, cf. Chapter 2.3, trial transitions from a state fi to a state f;,
that are accepted with the probability

wjﬂ(ff gatiia) Wi—1) .
m(l"win(fi—’fj)e R ) A (70)

wherein II(f; — f;) and II(f; — f;) are a priori transition probabilities, and v; and ¢;
are the interaction energies of the fluctuating particle in state f; or f; with all remaining
particles. The Monte Carlo sequence of a NpT' simulation with gradual insertion and pre-
ferential sampling in the vicinity of the fluctuating particle, as it was applied in the present
work, is described in [420]. The average Boltzmann factor needed for the calculation of
1, and v, is

_ woProb[My +... H (N, +1,) 4 ... + Nyl
we  Prob[Ny+ ..+ N, + ... + N,,)]

(e ") wir (71)

wherein Prob[M] denotes the probability of observing the M particle system during the
simulation.

2.5 Vapor-Liquid Equilibria

Coexisting liquid and vapor phases are in thermal, mechanical, and chemical equilibrium,
Le. tgnperatum T, pressure p, and the chemical potentials i for each component a are
equal in both phases. With the closing conditions for the mole fractions in both phases

the complete the set of equations, that are needed for phase equilibrium calculations of
m-component mixtures, is

T2l (72)
L ! s
L e ﬂ =, (73)
.un(p.-Tm-m) = #:(p”:T”sy”): l’.l:l...m, {74)
D% =1, (75)

a=1

2% =1 (76)

a=1
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In Equations (72) to (76) the superscripts (") for the liquid phase and (") for the vapor
phase indicate, that the property is meant at phase equilibrium conditions.

Various methods are available for the calculation of vapor-liquid equilibria of pure fluids
and mixtures from molecular simulation. Among these, the Gibbs Ensemble Monte Carlo
Method [313, 314] is the most widespread one. Further methods are the Gibbs-Duhem
Integration [183, 184], that is based on the integration of the Clausius-Clapeyron equation,
Thermodynamic Scaling Methods [176, 400], Psendo-Ensemble Methods avoiding particle
insertion [270], Histogram-Reweighting Methods [60, 174, 175, 315, 324], the bubble point
pseudo ensemble simulation [398], Grand Canonical Monte Carlo methods [14, 15, 16],
and the temperature-quench molecular dynamics method [126]. For simulations near
the critical point Finite Size Scaling Methods were suggested [436, 437]. The reaction
ensemble Monte Carlo method [367] was developed for the simulation of phase equilibria
of chemically reactive systems. In the present work, the NpT'+Test Particle Method, for
which a multitude of implementations of the basic idea of series expansions of the chemical
potential exist [191, 280, 281, 413, 415], was applied in the version of Vrabec [413] for the
calculation of vapor-liquid equilibria of pure fluids. Vapor-liquid equilibria of mixtures
were calculated with the Grand Equilibrium Method of Vrabec and Hasse [418]. Both
methods were chosen due to favorable experience especially concerning accuracy. They
are described in Chapters 2.5.1 and 2.5.2.

2.5.1 NpT+Test Particle Method

The NpT+Test Particle Method is described here for pure fluids only. In this case, the
phase equilibrium conditions, cf. Equations (72) to (76), reduce to

Pl (77)
e (78)
¥ onT) =L a ) (79)

wherein p, = p' = p” is the vapor pressure. For specified temperature T =T' =T",
the NpT+Test Particle Method yields the vapor pressure by solving Equation (79) with
data from molecular simulations of the liquid and the vapor phase. The approximated
expressions of the chemical potentials in the liquid and the vapor phase, that are needed
for that purpose, are given in the following derivation.

According to Equation (59), the chemical potential u(p,T) of a pure substance is
composed of an ideal and a residual contribution

u(p,T) = 4y (p, T) + = (p.T) . (80)

Moreover, based on liquid phase and vapor phase reference states indicated by the sub-
script “07, the chemical potentials in the liquid (superseript “I') and the vapor phase
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(superseript “v") can be written as

: @)+ [ a,u‘l d (81)
= d ot = !
dom = i@+ |5 o
P 6 v
con = wen+ [ 5| (82
28 2 1y

wherein ply and pj are the pressures in the reference states.
Decomposing the chemical potential 4 (ph, T) in Equation (81) and linearizing the
pressure integral by the relation

1
[@.} = Uz) = const., (83)

which holds with good accuracy for liquid phases, vields the desired approximated expres-
sion for the chemical potential of the liquid phase

£ (0. T) = w0 T) + 1 (26, T) + v - (P~ 1) - (84)
Due to the high compressibility of the vapor phase, another approach is chosen for de-
riving an approximated expression for the chemical potential of the vapor phase. The
pressure influence on the chemical potential of the vapor phase is taken into account, as

not only u (pf.T) in Equation {82) is decomposed according to Equation (80), but also
the integrand in the pressure integral in Equation (82), i.e.

: s k P a v.id P e
@ @) = T+ T + {ifl} o+ [ [3“ } dp. (85)
Ty » Py T

v 3p v Bp

By o

With the ideal gas law

ia kel
U""d il 86
= (86)
the pressure derivative of the ideal contribution is
v.id
Opor R ksT (87)
dp p
and so the first integral in Equation (85) becomes
» [ 9 uv.id
f[ | P=hTnk. (88)
P T Po

The integrand in the second integral in Equation (85) is the configurational molar volume

of the vapor phase, which is rewritten as difference of the molar volume v" of the vapor
phase and the ideal molar volume v¥id of the vapor phase

6“"‘“] kpT
=yt v _ v FB 9
.
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wherein v¥ is expressed in terms of pressure and temperature according to the ideal gas

law. Then the second integral in Equation (85) is lincarized in the vicinity of the pressure

3, so that the approximated expression for the chemical potential of the vapor phase is
kT

v
0

1 (p,T) = (o5 T) + p*"* (p§, T) + kpT ln§ + ( ) (p—py).  (90)

0
The phase equilibrium condition Equation (79) is fulfilled by equating the approximated
expressions for the chemical potentials of the liquid and the vapor phase, cf. Equations (84)
and (90), and yields a non-linear equation, that allows to calculate the vapor pressure p,
for the specified temperature T

MR T) + 1= (00, T) + v - (P —2b) =ty (05, T) + 1= (95, T) + kBT]ni_g
ksT
) (U; L ) (po — 1Y) - (91)
b2

For the practical evaluation of Equation (91) with results from molecular simulation, it
is convenient to cancel the average volume (V) nyr contained in the ideal and residual
contributions of the chemical potential, ¢f. Equations (266) and (269) in Appendix B, i.e.
to use temperature dependent ideal contributions

it (T) = ~kThn — 92)
or
i (T) = —koT'n Ren(T), (93)

and configurational contributions

i p e (V- (6“"""’)\/)1%}
Har (pr T) = —kgT'In [—N— 2 (94}
or
1 (p.T) = —kpT'In [(V i <e_i¢°")“’"’)””""] ; (95)

instead. With these properties, the conveniently applicable form of Equation (91), as it
was applied in the present work, is

kT
P

1 (ph, T) + b - (pr — Bh) = "= (05, T) + ksTln?;—g + (vs = ) (P =) (96)

wherein the temperature dependent ideal parts of the chemical potential disappear, as
they are equal in both phases.
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In Equation (96) the properties p*° (7, T), 457 (3, T), v, and vj are obtained from
NpT-simulations of the liquid and the vapor phases at temperature T in both phases
and reference pressures ph and pj, respectively. These reference pressures can be chosen
arbitrarily, but should not be too far off the vapor pressure. It is convenient for performing
molecular simulations, that p§ may differ from pj.

Apart from the vapor pressure po, saturated densities o', p”, and saturated enthalpies
K, B are important properties of the vapor-liquid equilibrium. They can be obtained
from first order Taylor series

J o~ P T) + 8T (B T) - (s — 10) - (97)
Pl o (5, T) + B 8, T) A (25 T) - (o — 1) - (98)
and
e e ?ﬁi fop]
Wi h(po=T)+[3an‘T'(pa ) (99)
o G G| e (100)
O lyyx

Both the isothermal compressibilities, defined as

1[ap
e H ; (101)
P LOR]y
in Equations (97) and (98), and the partial derivatives of the enthalpies with respect to
the pressure in Equations (99) and (100) can be determined during the NpT-simulations
of the liquid and the vapor phases according to fluctuation formulae taken from [421]

1} 1
br = 5 Wm0 = (Vi) (102)

ah 1 1
[E’EL.T % W[hka—T'“HV)””T‘(H)NPT(V)MT)Jr(V Yrr| - (103)

2.5.2 Grand Equilibrium Method

The Grand Equilibrium Method is a two-step simulation method, that yields the equi-
librium pressure p’ = p” and the vapor phase composition y” in equilibrium for specified
temperature T =T = T* and specified liquid phase composition @ in equilibrium. The
phase equilibrium conditions, cf. Equations (72) to (76), are evaluated in two steps by
means of molecular simulation. In the case of a binary mixture of components a and b,
Equations (74) and (76) represent three equations for finding three properties p”, v, and
¥y - They represent four equations for calculating four properties p”, 3, 4/, and ]‘;” G'm the
case of a ternary mixture of components a, b, and ¢, and o on. i :



2.5 Vapor-Liquid Equilibria .

The two steps of the Grand Equilibrium Method are explained on the basis of the
phase equilibrium conditions according to Equation (74).

In the first step, approximated pressure dependent expressions for the chemical poten-
tial of each component in the liquid phase are calculated from a NpT' molecular dynamics
or Monte Carlo simulation of the liquid phase at temperature 7', composition =/, and ref-
erence pressure pb. In analogy to the approach described in Chapter 2.5.1 for the NpT +
Test Particle Method, these approximated expressions stem from

wherein the pressure integral can be linearized by assuming constant partial molar volume
of component a at reference pressure

i

s (0 Tyal) = g (PB'T@')‘F/

6#1.- 1 1
[ Bp L*.:z:' = U, R VU, A const., (105)

and the chemical potential g} (pl, T, 2’) in Equation (104) can be expressed in terms of
the temperature dependent ideal contribution ;,L]];‘:(T ) and the configurational contribution
uke (ph. T, z'), cf. Equations (92) to (95). Hence, the approximated pressure dependent

expression for the chemical potential of component a in the liquid phase is
ty (0. T, ') = Wi (T) + ui® (ph, T, %) + vho- (0 — 1)) - (106)

The properties ub¢ (p. T, 2') and v!; in Equation (106) are obtained from test particle
insertion or gradual insertion, c¢f. Chapter 2.4.2, during the molecular simulation of the
liquid phase.

In the second step, the vapor phase in equilibrium with the liquid phase is evalu-
ated by a quasi grand canonical Monte Carlo simulation at temperature T and constant
volume V¥, In this vapor phase simulation, according to the phase equilibrium condi-
tions, cf. Equation (74), the approximated expressions for the chemical potentials of each
component given by Equation (106) are prescribed, i.e.

w0\ Ty") = i (0", T. 2, (107)

wherein, according to Equation (73), the pressure of the vapor phase is used for the eval-
uation of the specified chemical potentials. As the pressure of the vapor phase fluctuates
during the simulation, the specified chemical potentials fluctuate, too. Therefore, the va-
por phase simulation is called quasi grand canonical instead of grand canonical — the latter
expression would assume constant specified chemical potentials. Insertion and deletion of
molecules during the vapor phase simulation allows to drive the chemical potential of each
component in the vapor phase to the specified values, cf. Equation (107). By this process,
the vapor phase simulation finds its way to the equilibrium composition y” and to the
equilibrium pressure p”.



2% 2 MOLECULAR SIMULATION

For the practical application of the Grand Equilibrium Method it is useful to know,
that the volume V¥, or, in other words, the number N of molecules, and the initial
composition g of the vapor phase can be chosen arbitrarily. However, insertion and
deletion of molecules may lead to a significant change of the number of molecules in the
volume VY, that may end up in an almost empty simulation box or in a very large number
of molecules to be handled during the simulation. The first case leads to bad statistics,
the second one increases computation time. It is therefore advisable. to start the vapor
phase simulation at a composition near the (expected) equilibrium composition, and to
choose the volume according to a typical vapor phase density for a desired number of
molecules, for example some 200 - 300.

For the insertion and deletion of molecules, the acceptance criteria of a grand canonical
Monte Carlo simulation were used [114]. For insertion, a species a, a position in the
simulation box, where the molecule is to be inserted. (and an orientation) are chosen at
random. With g} being the specified chemical potential of species a in the vapor phase,
the new molecule is accepted with the probability

: 1 e
Hﬂn(lt-fa(—n'm’exﬂﬁ(u'a*ifmx +Un)])- (108)

wherein I,(T) is Ai}‘: in the case of insertion of a @’ molecule and R,(T), cf. Equation (270)
in Appendix B, in the case of insertion of a @” molecule. Uy.; is the internal energy of
the system with the trial molecule, Uy is the internal energy of the system before trial
insertion. For deletion, a molecule is chosen at random among the N molecules. The
deletion is accepted with the probability

min (1,1,,(1") - g‘g exp [=B (1 + Un_y — UN)]) : (109)

Herein, Uy is the internal energy of the system after trial deletion, Uy is the internal
en-ergy of the system without deletion. For pVT-simulations, probabilities that allow one
trial insertion and one trial deletion within one Monte Carlo loop are reasonable.

: I‘n the same way as by the NpT+Test Particle Method in Chapter 2.5.1, the saturated
liquid density g’ (p”, T, 2') and enthalpy A’ (p".T,2") can be calculated, when the equi-
librium pressure is determined. The saturated vé

] / por density p” (p”, T, y") and enthalpy
W (p". T, y") result from the vapor phase simulation.
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3 Vapor-Liquid Equilibria of Model Classes

Vapor-liquid equilibria of the 2CLJQ /2CLID model fluids were calculated systematically
over a wide range of the model parameters by the means of molecular simulation. The
focus was on the critical temperature, the critical density, the saturated liquid and vapor
densities. and the vapor pressure. This simulation work was aimed at developing empirical
correlations of these properties in terms of the model parameters. These correlations allow
to interpolate between the discrete parameter values of the simulations and were the most
important tool for fitting the model parameters to experimental vapor-liquid equilibria,
cf. Chapter 4.

For the 2CLJQ/2CLJD model fluids equations of state are available, cf. [268, 339,
that describe the reduced Helmholtz free energies F;CLJQ and F3g ;p in terms of additive
contributions from the two-center Lennard-Jones interactions (Fjqp;, Mecke et al. [268])
and from the quadrupolar and dipolar interactions (Fg and Fp, Saager et al. [339]), cf.
Equations (110) and (111),

Fiesiq = Fiouy + Fo, (110)
scLip = Fiouy + Fp. (111)

They are often called hybrid equations of state. The range of validity of Equations (110)
and (111) is indicated as @*% < 4, u*? <12, L* < 0.8, ¢f. Chapter 3.1 for the definition
of @*, u**, L*. The terms Fg and F3 from the literature are based on energetic simula-
tion data of 2CLJQ and 2CLJD model fluids with different values for the polar momenta
(@2 < 4, u** < 12) at one elongation L* = 0.505, i.e. inaccuracies of vapor-liquid equilib-
ria from these equations of state can be expected for model fluids with elongations other
than L* = 0.505.

3.1 Quadrupolar and Dipolar Model Fluids

The 2CLJQ) pair potential is composed of two identical Lennard-Jones sites a distance
L apart (2CLJ) and an elongated ideal point quadrupole of momentum @ placed in the
geometric center of the molecule along its elongated axis. The interaction energy of two
elongated ideal point quadrupoles is the large distance approximation of the interaction
energy of two linearly arranged Coulomb charge quadruples. The pair potential function
UzcLiQ

uacL1q(Ti, €1 €5, L, Q) = uacri(ryy, €1, €5, L) + ug(ry; €, €5, @), (112)

contains the contribution of the Lennard-Jones interactions

upcLi (75, €5, €4, L) = ii&' [( ar i)lﬂ = (r:jk)ﬁ] ; (113)
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and the contribution of the quadrupole-quadrupole inferaction [132]

LB o (e, + ool
uQ("‘z‘j:ef,e,i.-Q} = TM;.ZET--!S [1" (Cﬂh : + COS J)
ij

—15 cos?f; cos?8; + 2 (cos ;; — 5 cos B; cos 8,’]. (119

of. Appendices A1 and A2. Herein ry is the center-center distance vector of two
molecules i and j, 7ix is one of the four Lennard-Jones site-site distances; s counts
the two Lennard-Jones sites of molecule i, k counts those of molecule j. The vectors e;
and e; are the unit vectors directed along the elongated axis of the molecules i and j.
These unit vectors represent the orientations of the two molecules. 8; is the angle between
the axis e; and the center-center connection line ry. i.e. cos 6; = ;- 74/ |7i;l. 7 is the
angle between e; and e;, i.e. cos 9; = €;- €;. The Lennard-Jones parameters ¢ and €
represent size and energy, respectively.

Replacing the axial point quadrupole by an axial ideal point dipole of momentum u
vields the 2CLID pair potential. In Equation (112), uq is replaced by the contribution of
the dipole-dipole interaction up [132]

T 2
uD(r,-,-,e,-,ej,p) == Z?T—“o = "]rﬁl—a ((‘OS Wag = 3 cos 6,' Ccos 63) 5 (].]_5)
& i

ef. Appendix A.3. Both the 2CLIQ and the 2CLID model have four model parameters:
g, e, L, and Q or pi. The Lennard-Jones parameters ¢ and € are used for the reduction of
the thermodynamic properties as well as the model parameters L, Q, and u:

T = Tkple, (116)
= poi/e (117)
= pod, (118)
E* = Efe, (119)
L= Lo, (120)

Q" = Q/V4rmeeead, (121)
W = pf\4neeeas, (122)

wherein E represents any energetic property such as the internal energy U, the enthalpy H,
or the Helmholtz free energy F. Furthermore, kp = 1.38066 - 102 J /.K is the Buitzn‘mﬂﬂ
constant and ¢q = 8.85419 - 1012 C?/ (Nm?) is the permittivity of the vacuum.

As r@11c<ﬂ properties are used, the systematic investigation of the 2CL JQ and 2CLJD
model E—]mds. Tequire parameter grids of only two parameters: L* and Q* or'L‘ and y*. For
convenience, Q2 and ;*? are used instead of @Q* and i*. In the case of‘the ZCL]Q#n;odel
fiuid, the parameter grid contained 30 parameter pairs with L* = 0, 0.2, 04 0 5‘).5 0.6, 0.8

L
and Q** =0, 1, 2,3, 4. For the 2CLJD model fluids the I* e wns extended



3.2 Vapor-Liquid Equilibria and Critical Point 29

to L' = 1, as large elongations L* were expected for some real multipolar fluids. The
values for 1*? were 0, 3, 6, 9, and 12. All combinations of these values lead to a grid of 35
9CLJD fluids. Additionally, the fluids with L* = 0.0, 0.2, 4** = 16 and L* = 0.0, w2 =20
were investigated, as very strong dipolar momenta are only expected for molecules with
small elongation L*. So, altogether 38 2CLJD model fuids were considered.

With L* = 0, the 2CLJQ/2CLJD pair potentials comprise the spherical single Lennard-
Jones based pair potentials 1CLJQ and 1CLJD. Due to superposition of the two Lennard-
Jones sites, the reduced temperatures, reduced pressures, reduced enthalpies and re-
duced squared polar momenta are four times the corresponding reduced values of the
1CLJQ/1CLJD pair potentials.

Hereafter, the symbol P*? represents the squared polar momenta Q*? or u*2.

3.2 Vapor-Liquid Equilibria and Critical Point

For a new model fluid the temperature range in which vapor-liquid equilibria oceur is
not known a priori. Therefore, knowledge on the critical point is a prerequisite for the
determination of vapor-liquid equilibria state points of a new model fluid. The above
mentioned hybrid equations of state, ¢f. Equations (110) and (111), were used here in
order to determine estimates 77, (P*?, L*) for the critical temperatures T? (P*2, L*) of
all 30 2CLJQ mode) fluids and of the 2CLJD model fluids with L* < 0.8 and p** < 12.
Estimates for the critical temperatures of the remaining eight 2CLJD model fluids, whose
dipole momenta ©*? > 16 or elongations L* = 1.0 are out of the range of validity of the
2CLJD equation of state, were obtained from simple extrapolations on the basis of the
available estimated critical temperatures.

For each 2CLJQ and 2CLJD model fluid, vapor-liquid equilibrium data were calcu-
lated for ten temperatures T* = 0.55, 0.60, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90, 0.925,
0.95 T¢ o (P*2%, L*) with the NpT+Test Particle Method as described in Chapter 2.5.1.
Vapor pressures p?, saturated liquid and vapor densities p™* and p”*, and residual enthalpies
in equilibrium A= (T*, p*) = h* (T, p*) — h*4(T*) were evaluated. Liquid simulations
were performed for all ten temperatures, whereas vapor simulations were only performed
at temperatures above 0.80 - T . as below this temperature the second virial coefficient,
of. 3, 132], is sufficiently precise for vapor-liquid equilibrium calculations.

For the 2CLJQ model fluids, all simulations were based on molecular dynamics in
the NpT' ensemble, and the configurational part of the chemical potential in both the
liquid and the vapor phases was obtained from the test particle insertion method, cf.
Chapter 2.4. Most of the 2CLID simulations were performed in complete analogy to
the 2CLJQ simulations. However, at dense low-temperature liquid state points large
uncertainties of the configurational part of the chemical potential are obtained from the
‘tl‘!st particle insertion method, which cause largely uncertain vapor pressures. This effect
'8 particularly important when highly dipolar model fuids with large clongations are
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studied. Due to these difficulties at low temperature state points, molecular simulations
of vapor-liquid equilibria of dipolar model fluids are performed typically only down to
about 0.70- T*. Below, special techniques are needed for obtaining more accurate results.
In the present work, accurate description of the vapor pressure of dipolar model fluids
at low temperatures was obatined from applying the gradual insertion method based on
Monte Carlo simulations as described in Chapter 2.4 at 0.55 - TZ o, of the 2CLJD model
Auids with L* = 0...1.0, g** = 0... 12, except for L* =0, w*? = 12. For the 2CLJD model
fluids L* = 0, p*? > 12 and [* = 0.2, 42 > 16 the test particle insertion method was
applied with an increased mimber of test particles and extended simulation run lengths at
0.55-T7 ;- Uniformly, the molecular simulations of 2CLJQ and 2CLJD model fluids were
performed with a large number of particles and large cut-off radii, of. Appendices C.1 and
C.2 for technical details.

3.2.1 Simulation Results

Extracts of the vapor-liquid equilibrium data of the 30 2CLJQ model fluids and of the 38
9CLID model fluids obtained from molecular simulation are reported in Tables 1 and 2,
respectively. For the sake of brevity not all state points for which simulations were carried
out are included in Tables 1 and 2. Reported are the vapor pressure p,, the saturated
liquid density p*, the saturated vapor density p"*, the residual saturated liquid enthalpy
R™=", and the residual saturated vapor enthalpy 2™" for three temperatures 7% = 0.55,
0.80, 0.95 ‘T, (P**, L*). The full data set is given in (378].

Figures 1 to 4 illustrate the strong influence of the elongation and the polar momenta
on the temperature-density coexistence curves and the vapor pressure curves. Increasing
the elongation raises the size of the molecules and thus lowers the saturated liquid density.
This effect is accompanied by a decrease of the mean attractive interactions seen from the
decrease of the critical temperature and the high vapor pressures. In contrast, stronger
polar interactions yield higher saturated liquid densities, higher critical temperatures and
lower vapor pressures.

V.Vhen the chemical potential is obtained from test particle insertion, the NpT' + Test
Particle Method yields the vapor pressure with large uncertainty at low temperatures in
t.h.e case of fluids with large elongations or strong polar momenta, cf. Figures 2 and 4.
Figure 4 illustrates, at lowest temperatures, the considerable decrease of the uncertainty of
the vapor HESEA kaen t:he chemical potential is obtained from gradual insertion instead
‘;Z:‘:; Li:‘;;“::f;gbggogulj:‘j:h;]i?{lid phase. In the present work, gradual insertion was

, as this method was available to the author only after work
on pure 2CLJQ fluids was finished. \
= e
o 2 et éL ST Wl a.ud‘ be i Sthe'manc deviations, cf. bottom of Figures 1

. ottom of Figures 3 and 4 for 2CLJD model fluids.
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Table 1: Vapor-liquid equilibria of 30 2CLJQ model fluids. Extract from simulation
results. The numbers in parentheses indicate the uncertainties of the last digits.
t+ indicates that instead of a vapor phase simulation the second virial cocfficient
was used.

T p:; ph pm hnﬁ* humg*

L*=0.Q2=0

2.926007 0.00852 (33) 0.82938 (25) 0.00299 (12) -26.8247 (86) -0.2197 (89)
425600 0.1469 (14) 0.66404 (55) 0.04347 (53) -22.457 (15) -2.459 (33)
505400 0.4120 (34) 04925 (31) 0.1475 (38) -17.768 (77) -6.98 (17)
r=0,0"2=1

2.97000f 0.00796 (49) 0.84416 (22) 0.00275 (18) -28.4469 (83) -0.212 (14)
432000 0.1472 (13) O0.67461 (58) 0.04239 (62) -23.448 (17) -2.453 (43)
513000 04108 (34) 04994 (24) 0.1398 (56) -18.453 (60) -G:84  (26)
1°=0,Q*2=2

3.00100f 0.0057 (11) 0.87669 (24) 0.00186 (36) -32.4004 (97) -0.165 (31)
449600 01417 (17) 0.69986 (61) 0.03877 (86) -26.051 (19) -2490 (77)
533900 04199 (36) 05288 (22) 0.1375 (31) -20.553 (59) -7.27 (16)
L*=0,Q02%=3

3.26700f 0.0046 (11) 0.91399 (20) 0.00144 (35) -37.714 (14) -0155 (37)
4.75200 0.1352 (16) 0.73335 (52) 0.03653 (67) -20.885 (19) -2.745 (76)
5.64300 04213 (32) 05667 (17) 01220 (20) -23.694 (53) -7.09 (11)
L*=0,Q*2=4

3.47600f 0.0036 (14) 0.95228 (25) 0.00106 (43) -43.992 (13) -0.144 (58)
505600 0.1202 (23) 0.77053 (46) 0.0260 (19) -34.733 (19) -204 (27)
6.00400 0.4186 (42) 0.6079 (15) 01082 (27) -27.730 (54) -7.09 (18)
L*=02,Q72=0

2420001 000576 (31) 0.73095 (24) 0.00244 (13) -22.5710 (79) -0.1737 (96)
3.52000 0.1092 (11) 0.58419 (52) 0.03850 (56) -18.792 (14) -2.024 (47)
418000 0.2090 (22) 04236 (23) 01279 (23) -14.595 (52) -5.769 (94)
L* =02, Q%=

2.458501 0.00514 (39) 0.74117 (23) 0.00214 (17) -23.7142 (79) -0.158 (12)
357600 0.1092 (12) 0.58928 (50) 0.03927 (80) -19.412 (14) -2.219 (69)
4.24650  0.3123 (23) 04320 (30) 0.1317 (26) -15.102 (69) -6.04 (13)
L*=02,Q7=2

2.55200f 0.00458 (49) 0.76427 (20) 0.00183 (20) -26.5697 (78) -0.151 (17)
3.71200 0.1062 (12) 0.60533 (59) 0.03580 (38) -21.203 (17) -2.147 (24)
440800  0.3213 (27) 04448 (22) 0.1298 (27) -16.348 (56) -6.21  (11)
L*=02,Q2=3

2.68950f 0.00300 (60) 0.79142 (26) 0.00113 (23) -30.474 (11) -0.110 (22)
3.91200  0.1081 (16) 0.62931 (54) 0.03498 (66) -23.918 (18) -2.353 (57)
464550 03234 (27) 04559 {(26) 0.1147 (41) -18074 (70) 611  (21)
I*=0.2, Q'2 =4

2.86000f 0.0044 (15) 0.81978 (22) 0.00158 (53) -35.098 (11) -0.187 (63)
436000 01061 (17) 0.65261 (48) 0.0281 (14) -27.200 (18) -194 (15)
494000  0.3428 (31) 04877 (20) 01137 (42) -20.837 (61) -6.60 (24)
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Table 1: continued.

1% fres* tres*
Ii Py o p R h
L*=04,Q92=0 2 ‘ :
1787507 000325 (21) 059531 (20) 000187 (13) -17.2882 (61) -0.1312 (%9)
260000 0.06524 (64) 047244 (58) 0.03277 (80) -14.213 (14) -1.708 (73)
308750 01802 (18) 03417 (26) 01231 (59) -10955 (54) -5.08  (21)

=049 =1

1.81500 Qu,m267(19) 0.60158 (20) 0.00150 (11) -18.0097 (64) -0.1077 (76)
264000 006547 (71) 047589 (47) 003121 (59) -14605 (12) -1.626  (41)
313500 01910 (20) 03273 (46) 0.1163 (41) -10845 (96) -4.90  (16)
L*=04,Q7=2 i
1.881007 000226 (33) 0.61695 (19) 0.00122 (18) -19.8956 (69) -0.096 (14)
273600 006747 (71) 048583 (52) 003174 (31) -15.731 (14) -1772 (22)
324000 02002 (20) 03332 (30) 01166 (39) -11.498 (91) -5.12  (16)
IT=04,0*=3

107450t 0.00308 (45) 0.03581 (17) 0.00160 (24) -22.5113 (73) -0.144 (22)
287200 0.06607 (81) 049850 (43) 0.02904 (41) -17.378 (13) -1.759 (3
341050 02118 (21) 03515 (25) 01200 (36) -12.817 (63) -5.69  (16)
L' =04,Q7%=1

2.00000f 00023 (11) 0.65625 (20) 0.00112 (54) -25.654 (10) -0.118 (57)
3.04000 0.0670 (11) 0.51516 (44) 0.02688 (71) -19.512 (15) -1.773 (58)
3.61000 02246 (21) 0.3635 (20) 0.1184 (34) -14.256 (51) -6.07  (16)
L%t = 0505, =0

1.55650f 0.00275 (15) 0.54062 (17) 0.00182 (10) -15.3895 (52) -0.1289 (72)
226400 0.05086 (49) 042814 (44) 002815 (29) -12583 (11) -1.385 (17)
2.68850 0.487 (15) 0.2927 (50) 0.1093 (38) -9.31 (10) -442  (14)
L' =0505 07 =1

1578501 000219 (20) 0.54667 (17) 0.00142 (14) -16.0333 (55) -0.1021 (97)
220600 0.05150 (62) 0.43263 (51) 0.02783 (28) -12.959 (13) -1.381 (13)
2.72650 01525 (16) 02972 (64) 0.1123 (40) -955 (12) -4.59  (15)
r=0505,Q%=2

1.63350f 0.00197 (51) 0.56070 (18) 0.00123 (33) -17.6851 (69) -0.007 (26)
237600 005095 (61) 0.44022 (43) 0.02713 (70) -13.902 (12) -1470 (50)
282150 01611 (19) 03072 (31) 0.1142 (42) -10.273 (72) -4.83  (15)
L* = 050507 =3

1716007 0.00153 (37) 0.57667 (18) 0.00091 (22) -19.9069 (70) -0.081 (20)
249600  0.05254 (69) 045184 (47) 0.0277 (10) -15.321 (14) -1.686 (96)
2.95400 0.16284 (21) 03064 (36) 0.1138 (54) -10.964 (90) -5.17 (22)
*=0.505QF =4

1815007  0.00089 (50) 0.59445 (18) 0.00049 (28) -22.5908 (80) -0.052 (30)
264000  0.05430 (87) 0.46561 (47) 0.02598 (77) -17.109 (16) -1.672 (69)
13‘-_125806 in-:'fl[) (19) 03220 (31) 01099 (37) -12.274 (84) -545 (18)
o o2 (15) 0.50020 (15) 0.00148 (12) 40888 (45) 01052 (52)
: 004288 (48) 039339 (41) 0.02746 (70) -11408 (10) -1387 (55)
24220 01286 (13) 02643 (34) 01075 (33) 8299 (70) -4.26 (13)
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Table 1: continued.

T p; pn ,0"* hjmg' h’fres*
L*=06.Q%=1

1.41900f 0.00173 (16) 0.50637 (16) 0.00125 (11) -14.7048 (52) -0.0900 (83)
206400 0.04212 (47) 0.39815 (47) 0.02676 (68) -11.785 (12) -1.407 (55)
245100 0.1301 (14) 0.2800 (20) 01153 (58) -8.804 (41) -455 (18)
L*=06,Q*2=2

1468507 0.00136 (23) 0.51998 (17) 0.00094 (16) -16.2362 (63) -0.075 (13)
213600  0.04282 (62) 0.40725 (46) 0.0307 (19) -12.696 (13) -1.89 (17)
253650 0.1311 (12) 02598 (65) 0.1016 (32) -879 (14) -432 (19
L*=06.Q*=3

1.540007 0.00144 (25) 0.53541 (17) 0.00095 (17) -18.2738 (74) -0.086 (15)
2.24000 0.04270 (57) 0.41820 (41) 0.02300 (33) -13.98 (13) -1289 (25)
266000 0.1398 (15) 0.2792 (44) 01058 (48) -9.87 (10) -473 (19)
L'=06,Q7=4

1.62800f 0.00083 (32) 0.55127 (21) 0.00052 (20) -20.655 (11) -0.055 (22)
2.36800  0.04378 (81) 0.43014 (48) 0.02306 (70) -15.565 (16) -1.495 (68)
2.81200 0.1487 (16) 0.2959 (20) 0.1028 (31) -11.108 (55) -499 (14)
L*=08,Q*2=0

1177001 0.00143 (15) 0.43844 (13) 0.00124 (14) -12.2840 (39) -0.090 (10)
171200 0.03152 (36) 0.34003 (50) 0.02282 (22) -9.768 (12) -1.090 (12)
203300 0.0972 (11) 0.2103 (44) 0.0969 (32) -6.664 (91) -3.71 (11)
L*=08 Q%=1

1.188001 0.00120 (18) 0.44763 (13) 0.00103 (16) -13.0246 (43) -0.078 (12)
1.72800  0.02961 (36) 0.34908 (40) 0.02164 (26) -10.278 (10) -1.099 (12)
2.05200 0.0922 (10) 0.2460 (15) 0.0874 (24) -7.628 (38) -3.493 (83)
L*=08,0Q%=2

1.22650f 0.00083 (20) 0.46255 (15) 0.00069 (17) -14.5252 (60) -0.058 (15)
178400  0.02850 (42) 0.36096 (43) 0.01992 (37) -11.232 (12) -1.109 (19)
2.11850  0.09230 (95) 0.2449 (25) 0.0813 (22) -8067 (56) -3461 (87
L*=08,Q7%=3

1.27600f 0.00053 (16) 0.47977 (14) 0.00042 (13) -16.4793 (60) -0.043 (13)
1.85600 0.02629 (53) 0.37721 (36) 0.0144 (11) -12.622 (12) -0.76 (1I)
2.20400 0.0887 (10) 0.2694 (15) 0.0699 (34) -9.309 (38) -329 (17)
L*=08 QZ%=4

1.34200f 0.00033 (26) 0.49548 (17) 0.00025 (19) -18.6173 (83) -0.030 (24)
1.95200 0.02440 (67) 0.39236 (38) 0.01619 (54) -14.226 (13) -1.157 (71)
2.31800  0.09208 (95) 0.2893 (14) 0.0684 (15) -10.673 (36) -3.521 (74)
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Figure 1: Temperature- density coexistence curves of 2CLJQ model fluids with @** =1
(top) and @*2 =4 (bottom). Symbols: simulation data, —— 2CLJQ ('Orl'l('l’q"
tion, cf. Chapter 3.2.22. — . Rectilinear diameter from 2CLJQ correlation.

— = — 2CLJQ equation of state 268, 339]. Error bars are, if not indicated,
within symbol size,
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/T

0.1

Figure 2: Vapor pressure curves of 2CLJQ model fluids with Q%=1 (top) and
@*? =4 (bottom). Symbols: simulation data. —— 2CLJQ correlation, c-f.
Chapter 3.2.2.2. — — — 2CLJQ equation of state [268, 339]. Error bars are, if
not indicated, within symbol size.
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3 o 4y -, l\' lation
ilibri del Auids. Extract from simu
- Vapor-liquid equilibria of 38 2CLJD mo et | oy
Table 2: Vapor: hf}l;‘d umbers in parentheses indicate the uncertaintics uf_ﬂ.u last qlg';ts_
f[ u(l;js' t l:}[llat instead of vapor phase simulations the second virial coefficient
indicates st

was used.

- % (% hrrl:-s* pffres*

i3 o P P

LF=0pu7=0 e 57) 02279 (27

1) 268419 (57)

e T e e éa) 22457 (15) -2.459 (33
- 1469 (14) 066404 (55) 004347 (53) 22457 2 M

b 1475 (38) -17.768 (77) -6.98 (17

505400 0.4120 (34) 04925 (31) 0.

BRI : 300653 (79) -0.2347 (26)

pho L Geﬁi E;g 333?33 (:(43 21795 (17) -2.621 (26)

e B8 : 149507 (1) 770 (18)

530770 04245 (37) 0.5001 (30) 0.1472 (38) -190. (77)

I ] 85 (96) -0.2665 (37)

P e L o e :(13) 231335 EIU; 2070 (43)

484720 01352 (14) 0.68964 (48)  0.03466 (45) -23.346 .

575065 04053 (35) 05200 (20) 01224 (31) -23.

LNt ; 20.3687 (6D)

3.63830F  0.00513 (8) 087156 (21) 0.00145 (2) -42.833 (18 e e

5.20200 01199 (17) 0.69981 (55) 0.02821 (48) -34.055 (;U) ol

628430 03909 (35) 05362 (19) 0.1082 (30) -27.867 ( ;

1o :

-0.483 104)
4.01780t 0.00435 (91) 0.87717 (26) 000111 (24) -46.773 (;6) ?4459 ((44)
581400 01191 (19) 0.69862(53) 002602 (39) -38.948 (20) o
6.93075 03852 (45) 0.5301 (20) 00889 (62) -32.038 (67) -10.

LY =0,0"=16 .

: 0626 (70
4533707 000323 (35) 0.88692 (27) 0.00073 (8) 55163 (}f) g.gib (70)
6.77600 01352 (28) 0.67890 (68) 0.02720 (96) -45.066 (27) i .
7.91330 04209 (54) 05062 (31) 01000 (26) -37.29 (11) -15.0:

It= 0’ ut?; 20 A
511670t  0.00305 (48) 089663 (41) 0.00062 (10) -64.216 (33) -0.94 (15)
7.60000 01335 (33) 067349 (71) 00248 (11) -52.230 (28) 0.4 o
803080 04475 (92) 04862 (89) 01020 (41) -4293 (32) -19.56 2
=02 7 =0 ‘
242000 0.00676 (31) 0.73095 (24) 0.00244 (13) 225710 (79) -0.1737 (il:)
352000 01092 (11) 0.58419 (52) 0.03850 (56) -18792 (14) -2.92_4 (r;)
418000 02990 (22) 04236 (23) 01279 (28) -14.505 (52) -5.769 (94)
L*=02 p7=3

253720t 0.00506 (6) 0.74233 (15) 0.00204 (2) -25.1950 (76) -0.1784 (21)
369040 0.1080 (10) 059307 (52) 0.03727 (31) 20711 (15) -2.202 (If)
138240 03046 (26) 04289 (35) 03265 (32) -15990 (86) -634 (15)
" =02 =6

2743401 000357 (5) 075312 (20) 0.00148 (2) 290578 (%) 02074 (20)
399040 0.0071 (10) 060338 (46) 003053 (47) 24126 (15) -2.555 (43)
L7350 02065 (21) 04490 (24) 04115 (30) 19121 (64) 697  (18)




Table 2: continued.

2.2 Vapor-Liquid Equilibria and Critical Point

T* P; ph pm h,mv s e
Ll—:U-Q. #_»lzg
2084907 0.00315 (5) 0.76127 (17) 0.00108 (2) -33.6769 (83) -0.2506 (40)
434160 0.0845 (11) 0.60947 (45) 0.02362 (29) -27.941 (15) -2.726 (38)
515570  0.2825 (29) 0.4630 (18) 0.1001 (30) -22.710 (53) -823  (20)
=02, u" =12
3287007 0.00319 (5) 0.76489 (21) 000100 (2) -38.165 (11) -0.3912 (39)
478240 0.0830 (17) 0.60746 (47) 0.0229 (10) -31.755 (17) -384  (20)
567910 0.2021 (31) 04581 (16) 0.0966 (44) -25.958 (48) -9582  (36)
B =0.25"=16
3712501 0.00101 (57) 0.76778 (17) 0.00053 (16) -44.4425 (75) -037 (11}
544000 0.0013 (20) 0.59958 (58) 0.02294 (83) -36.866 (22) -5.47 (24)
6.41250 0.3067 (36) 0.4424 (22) 0.0966 (26) -30.213 (73) -12.92  (29)
=04, 1"=0
1787501 0.00326 (3) 0.59571 (11) 0.00187 (2) -17.2882 (60) -0.1314 (14)
260000 006324 (64) 047244 (58) 0.03277 (80) -14213 (14) -1708 (73)
308750 0.1892 (18) 03417 (26) 0.1231 (59) -10955 (54) -508 (21)
L*=04, u”=3
1.86835f 0.00271 (3) 0.60327 (11) 0.00149 (2) -19.2066 (54) -0.1316 (16)
271760 0.06202 (78) 047941 (49) 0.0317 (13) -156556 (18) -1.97 (13)
322715 0.1830 (14) 03362 (25) 01048 (26) -11.808 (58) -492 (12)
=04, 4 =5
2.01025f 0.00205 (3) 0.61042(12) 0.00104 (1) -22.1685 (55) -0.1547 (20)
2.92400 0.05441 (67) 0.48638 (43) 0.02355 (39) -18.139 (13) -1.993 (34)
343968  0.1632 (15) 03710 (16) 0.0839 (17) -14.631 (42) -5123 (89)
L*=04,u"=9
217415t 0.00156 (2) 0.61655 (14) 0.00073 (1) -25.4563 (61) -0.1937 (29)
3.16240 0.04737 (81) 0.49242 (42) 0.01895 (42) -20.979 (14) -2271 (50)
3.75535  0.1605 (19) 0.3697 (16) 0.0770 (21) -16.889 (46) -6.02 (13)
L*'=04, p77 =12
2.38315f 0.00137 (2) 0.61865 (16) 0.00059 (1) -28.7404 (84) -0.2600 (35)
3.46640 0.0455 (15) 0.48990 (44) 0.0179 (32) -23.731 (15) -3.06 (69)
409920 01590 (28) 0.3699 (16) 0.0732 (33) -19.401 (47) -7.23 (24)
L* =0.505, 4 =10
1556501 0.00237 (3) 0.54105 (10) 000156 (2) -15.3899 (52) -0.1103 (13)
2.26400  0.05086 (49) 0.42814 (44) 0.02815(20) -12.583 (11) -1.385 (17)
268850 0.1487 (15) 0.2927 (50) 0.1093 (38) -9.31 (10) -442 (14)
L* = 0505, p? =3
L58070f 0.00147 (2) 0.55324 (9) 0.00095 (1) -17.2624 (51) -0.0898 (12)
236300 0.04830 (58) 0.43338 (43) 002539 (69) -13.835 (12) -1.464 (53)
2.80820 0.1479 (18) 0.3121 (36) 0.1016 (33) -10.593 (82) -4.65 (15)
L* =0.505, u"7 =6
174520f  0.00148 (2) 055403 (11) 000087 (1) -19.6812 (58) -0.1371 (19)
253800 0.04245 (64) 0.44031 (36) 0.02117 (49) -16.031 (11) -1.758 (46)
301435 01365 (12) 0.3203 (32) 0.0849 (34) -12472 (75) -499 (17)
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Table 2: continued.

™ o o o e e
L =0.505, p* =9 - T Than
1863201 000108 (2) 055053 (11) 000059 (1) -22.5779 (61) -01731 (27)
273000 0.03763 (74) 0.44532 (42) 00211 (23) -18511 (18) -2.77  (41)
305280 01252 (14) 0.3321 (16) 00715 (16) -14.842 (41) -5.59 (11)
LT =0.505, 52 =12 :
2060307 0.00096 (1) 0.56200 (13) 000048 (1) -25.4946 (73) -0.2481 (35)
209000 0.0352 (10) 044477 (41) 0DI159 (30) -20985 (13) -2.73  (66)
356000 01256 (19) 03223 (19) 00702 (30) -16.723 (56) -G.79  (20)
Lw = 0()‘ utZ = 0
1402507 000107 (2) 050039 (9) 0.00144 (2) -14.0889 (46) -0.1027 (11)
204000 0.04288 (48) 0.39339 (41) 0.02746 (70) -11.408 (10) -1.387 (55)
249950 01286 (13) 0.2643 (34) 01075 (33) -8209 (70) -426  (13)
" =06, ;=3
140800f 000106 (2) 051372 (8) G.00076 (1) -15.8528 (52) -0.0751 (11)
212500 0.04056 (48) 0.39966 (40) 0.02425 (41) -12.580 (11) -1.407 (25)
245952 01047 (11) 03067 (13) 00706 (38) -10124 (29) -3.35 (17
I" =06, g2 =6
1566401 000117 (2) 0.51251 (11) 000077 (1) -180020 (61) -0.1286 (18)
297840  0.03499 (50) 0.40589 (38) 0.01938 (59) -14.577 (11) -1.615 (54)
270560 01181 (14) 0.2987 (32) 0.0863 (27) -11.399 (77) -4.91 (14)
L» = 06. FL&Z:g
1.68800f 0.00082 (1) 0.51756 (11) 0.00050 (1) -20.6624 (61) -0.1637 (23)
245500 0.0276 (12) 0.40916 (39) 0.01464 (57) -16.807 (12) -1.888 (56)
288515 0.0079 (13) 03160 (11) 0.0629 (33) -13.769 (27) -4.94  (21)
=06t
1.84250f D0.00071 (1) 0.52036 (13) 0.00040 (1) -23.3629 (78) -0.2435 (31)
2.68000 0.0265 (15) 040876 (41) 00123 (13) -19.059 (13) -2.06  (26)
3.15552 0.0';189 (18) 03071 (21) 00632 (37) -15.509 (56) -6.18  (26)
L*=08, 47 =0
L17700f 0.00135 (2) 043871 (9) 000118 (2) -12.2841 (39) -0.0855 (11)
1.71200 0.03152 (36) 0.34003 (50) 0.02282 (22) -9.768 (12) -1.090 (12)
;.mangs 0.9272 (11) 02103 (44) 00969 (32) -6.664 (91) -371  (11)
*=08, p*=3
LITI507  0.00065 (1) 045198 (9) 000057 (1) -13.8571 (45) -0.05905 (90)
L7720 002847 (34) 0.34700 (35) 0.02044 (37) -10.8032 (93) -1.193 (26)
E.lmags o.ogzs (10) 02421 (96) 0.0952 (36) -7.98 (20) -4.09 (13)
‘=08 u”"=6
L.30130f  0.00070 (1) 0.45104 (10) 0.00055 (1) -15.7904 (55) -0.1031 (15)
183280 0.02375 (53) 035393 (41) 0.01654(77) -12575 (11) -1.482 (86)
2;2477380-9246 9(10) 02567 (15) 00687 (26) -9.692 (38) -4.12 (19)
=D ue =
10-3;3:75% 0.00043 (1) 045755 (10) 0.00032 (1) -18.3431 (57) -0.1412 (25)
Sl 0.02041 (38)  0.36185 (34) 0.01305 (52) -14.691 (10) -1.707 (65
20730 00725 (11) 02632 (21) 00517 (19) -115%4 (51) -4.07  (14)
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Table 2: continued.

T P P o |l R
1.52006f 0.00037 (1) 0.46033 (13) 0.00025 (1) -20.8029 (69) -0.2326 (40)
219840 0.01671 (78) 0.36363 (33) 0.0084 (11) -16.796 (11) -162 (23)
261060 0.0658 (12) 0.2648 (12) 0.0442 (44) -13.318 (33) -4.62  (306)
" =10, u7=0
0.97900f 0.00050 (1) 0.41024 (7) 0.00052 (1) -11.5972 (43) -0.04220 (67)
150750 0.02504 (30) 0.30729 (43) 0.0184 (14) -8871 (11) -0931 (89)
1.60100 0.05413 (62) 0.2461 (13) 0.0436 (44) -7.358 (29) -193 (18)
=10, gt =1
1.02850f 0.00044 (1) 0.41346 (9) 0.00043 (1) -12.8117 (48) -0.04662 (6G)
1.50750 0.01711 (27) 0.32581 (31) 0.01378 (28) -10.1499 (90) -D.848 (17)
1.77650  0.05688 (68) 0.25218 (96) 0.0495 (52) -8.122 (23) -239 (24)
LF =10, p*’* =6
1.08000f 0.00026 (1) 0.42225 (8) 0.00024 (1) -15.0377 (51) -0.0568 (11)
1.62000 0.01403 (48) 0.32977 (34) 0.01014 (65) -11.761 (10) -0.921 (74)
1.90000 0.05034 (73) 0.2575 (10) 0.0464 (16) -9:533 (27) -298 (10)
=105 =9
1.17700f 0.00018 (1) 0.42930 (9) 0.00015 (1) -17.5873 (90) -0.0976 (45)
1.71200  0.01020 (51) 0.34335 (28) 0.0103 (18) -14.056 (10) -224  (56)
203300 0.04132 (86) 0.26785 (87) 0.0294 (28) -11.437 (24) -277 (22)
FF=10,07=12
1.30740f 0.00014 (1) 0.43197 (11) 0.00011 (1) -20.166 (12) -0.1711 (40)
1.90160  0.01033 (65) 0.34090 (33) 0.00665 (27) -15.996 (12) -1.484 (15)
2.28190 0.0501 (10) 0.2482 (23) 0.0471 (31) -12.506 (62) -5.09 (32)
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Figure 3: Temperature-density coexistence curves of 2CLJD model fluids with p*? =3
(top) and p*? = 12 (bottom). Symbols: simulation data. —— 2CLID correla-
tion, cf. Chapter 3.2.2.2, — . — Rectilinear diameter from 2CLJD correlation.
=== 2CLJD equation of state 189, 268, 339], range of validity L* < 0.8, cf.
page 27. Error bars are, if not indicated, within symbol size.
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Figure 4: Vapor pressure curves of the 2CLJD model fluids with p*2 =3 (top) and

©*? =12 (bottom). Symbols: simulation data. —— 2CLJD correlation, cf.
Chapter 3.2.2.2. — — — 2CLJD equation of state [189, 268, 339], range of va-
lidity L* < 0.8, cf. page 27. Error bars are, if not indicated, within symbol
size.
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For models with small polar momenta and for models with elongations near L* = 0.505,
the present results and the results from the equations of state agree well. This is due to
the fact, that the polar contributions to the equations of state are based on data of 2CLIQ
and 2CLJD model fluids with L* = 0.505. For other elongations considerable deviations
between the equations of state and present simulation data are observed. In most cases
the equations of state underestimate the saturated liquid densities and overestimate the
saturated vapor densities. Where significant deviations oceur, the vapor pressures from
the 2CLJQ equation of state are higher than those from the present simulations. The
vapor pressures from the 2CLID equation of state generally agree well with simulation
data, except for 2CLJD model fluids with high dipolar momenta and large elongations,
where the equation of state overestimates the vapor pressures, cf. Figure 4, bottom.

The critical data of the 2CLJQ and 2CLJD model fluids were determined according to
a simple but reliable method applied by Lotfi et al. [234] for the unpolar 1CLJ model fluid.
In order to correlate the saturated liquid and vapor densities as functions of temperature,
Lotfi et al. [234] suggested the following empirical expressions, that were also used in the
present work

e O TR (I 1) O (T2 - T, (123)
Pr=p -G (T -T)P+Cy (T =T+ C - (T: - T")*~. (124)

Equations (123) and (124) contain the term (T — T*)'/?, ¢f. [137, 337], that is known
for good description of the density—temperature dependence near the critical point. For
each model fluid, the coefficients Cy, C}. C§, Cf. C}, and the critical data T and p} were
obtained from simultaneous fitting of Equations (123) and (124) to the saturated liquid
and vapor density data. The critical temperatures and densities for the 2CLJQ model
fluids are listed in Table 3, those for the 2CLJD model fluids in Table 4. In most cases
critical temperatures from the present work are lower than those obtained from the hybrid
equations of state.

Uncertainties of T} and p? were estimated from the scattering of the values of T
and p; obtained from refitting modified saturated density data sets that contained data
that were perturbed stochastically within the uncertainties of the saturated densities.
Standard deviations were about a(T;) = 0.005 and o(p2) ~ 0.0005. Consequently, the

prfﬁent’ c'ritica.l femperatures are certain up to the second, the critical densities up to the
third digit after the decimal point.

3.2.2 Global Correlation

I order to obtain vapor-liquid equilibrium data for any value of polarity, elongation
or teu.ll.aerature,‘ global correlation functions for the crit'.ica.l t.emperaturesv TP Lt
the cn"t‘ma]‘ 'ldensmies Pe(P*2, L*), the saturated liquid and vapor densities p™( fc"z_ )
and p"(P**,L*,T*), and the vapor pressures Inp}(P*2, L*, T*) were deve!()ped. i the
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Table 3: Critical temperature T, density pf. pressure p?, compressibility factor Z, and

the acentric factor w, cf. Equation (129), of 30 2CLJQ model fluids.

Q2| *=1 0.2 0.4 0.505 0.6 0.8

0 5.236 4.313 3.163 2.735 2.454 204958 NI
0.3143 02740 0.2251 02032 0.1850 0.1577 | p}
0.4736  0.3670 0.2116 0.1616 0.1353 0.0995 | p?
0.2878 0.3106 0.2972 0.2908 0.2980 0.3079 | Z.
-0.0542 -0.0245 0.0308 0.0514 0.0589 0.0755 | w

1 5.312 4.388 3.195 2771 2.499 ZORE NI
0.3169 0.2796 0.2259 02036 0.1863 0.1619 | p¢
04770  0.3795 0.2116 0.1646 0.1416 0.1047 | p?
0.2834 0.3093 0.2932 0.2918 0.3041 0.3084 | Z.
-0.0313 -0.0095 0.0486 0.0662 0.0701 0.0914 | w

2 5.575 4.554 3.316 2.875 2.580 2.160 | T2
03197 0.2832 0.2256 0.2090 0.1888 0.1652 | p?
0.5128 0.3944 0.2243 0.1753 0.1465 0.1028 | p?
0.2877 0.3058 0.2998 0.2917 0.3008 0.2881 | Z.
0.0125 0.0351 0.0825 00991 0.1113 01549 |w

3 5.968 4.807 3.489 3.007 2.695 2:2660° 1 T
0.3303 0.2880 0.2309 0.2097 0.1940 0.1680 | p;
0.568  0.4166 0.2407 0.1835 0.1525 0.1069 | p:
0.2884 0.3009 0.2988 0.2910 02917 0.2808 | Z.
0.0605 0.0902 0.1305 0.1514 0.1656 0.2154 | w

4 6.398 5.143 3.692 3.195 2.866 2408 | T}
0.3395 0.2908 0.2358 0.2143 0.1960 0.1710 | p?
0.5944  0.4460 0.2540 0.2003 0.1665 0.1134 | p;
0.2736 02982 0.2918 0.2925 0.2964 0.2754 | Z,
0.1067 0.1394 0.1900 0.2034 0.2145 0.2652 | w

basis of the present simulation data. The correlations T2 (P*2, L*), o*(P*?,L*,T*), and

Inp}(P*2, L*, T*) are the key tools for 2CLJQ and 2CLJD modeling of real fluids.

The global vapor pressure correlations are also useful for verifying the thermodynamic
consistency of the vapor-liquid equilibrium data by the means of the Clausius-Clapeyron
equation. Moreover, the global correlations allow comparisons with results of other au-

thors.

It should be pointed out, that the global correlations are mere tools that cast the
present simulation results into a manageable mathematical context necded for a particular
application. They are not designed to compete with equations of state, and it was not
In the scope of the present work to develop new or improved equations of state for the
2CLIQ or 2CLJD model fluids.
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Table 4: Critical temperature T, density p}, pressure p, compressibility factor Z, and
the acentric factor w, cf. Equation (129), of 38 2CLJD model fluids.

=2 0.4 0505 06 0.8 1.0
Sl it A ST ST D AP RER I 2197 1.876 | T
0.3197 02808 0.2237 02028 0.1868 0.1611 0.1449 | p;
0.5157 0.3619 02133 01711 01378 0.0932 0.0856 | p;
0.2946 0.2851 0.2880 0.2039 0.2884 0.2720 0.3149 | Z.
-0.0191 00055 0.0528 00720 00958 01475 0.1797 | w
Gl 900 ol S ST HO0RD T . 9316 - 2,010 | T
03169 02781 02202 02017 01839 0.1576 0.1428 | p:
05179 03624 02105 01677 01342 0.0894 0.0824 | p}
02728 0.2650 0.2662 0.2682 02631 02449 0.2871 | Z.
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3.2.2.1 Critical Properties

The correl'ation functions T7(P*2 L*) and pe(P*2, L*) are linear combinations of clemen-
tary functions. Thﬂfe elementary functions are a constant ¢, plus further functions s (P**)
or & (L*) or x; (P*2, L*). Thus, the linear combination of elementary functions writes as

VPRE) =et D P+ 36 6@+ Y e xa(PALY),  (125)
J i k

s *2 LI
wherein y (P*2, L*) represents the critical temperature or the critical density. In Equa-

tion (125), the number of the elementary functions %; (P*?) and & (L*) was restricted to
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up to two and the number of the elementary fanctions y; (P*?, L*) was limited to four in
the 2CLJQ case and to three in the 2CLJD case.

The elementary functions ¥; (P*?), & (L*), and x; (P*2, L*) were chosen empirically in
order to obtain low relative deviations between correlation and simulation data. The same
elementary function & (L*) were used for both the 2CLJQ and the 2CLJD case, whereas
the elementary functions ¢; and y; differed for the two cases.

The constant and the coeflicients in Equation (125) were determined by a non-weighted
least squares fit of the sets of critical data of all 30 2CLJQ or all 38 2CLJD model
fluids. The elementary functions and the coefficients for the global correlations T(Q*2, L*)
and p:(Q*z. L*) are given in Table 35 in Appendix D. Table 36 in Appendix D contains
the elementary functions and the coefficients for the global correlations T (2, L*) and
px(p *2 L*). The quality of the correlations can be studied in Figures 5 and 6. Most relative
deviations of T, are within 1 %. The critical densities are represented with roughly the
same quality.
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Figure 5: Critical data of 2CLJQ model fluids: relative deviation of simulation data
(sim) to 2CLJQ correlation (cor). Top: critical temperature. Bottom: critical
density. Symbols are: @*2 =0 (e), 1 (m), 2 (¢). 3 (4), 4 (V).



@ 3 VAPOR-LIQUID EQUILIBRIA OF MODEL CLASSES

a‘ Gk 2 L L L L t * 5
c,sml S 100 "
c.cor 17 * ' :

L] % 9 ¢
0! ] p ¢ * v

L v iy "

1= b

2%

0 01 02 03 04 05 06 07 08 09

L
. . 24 f 1 1 . . . . s ) =
pc.simhpc,cor. 100 -
o L ]
pc,cnr 11 + 4
(] 3 . *
0 : * L . ¥+
- I LAV ¢
e : - : : . . . . o
U RO ERG S 0O 5= 06 07 08 09 P 1

Figure 6: Critical data of 2CLID model fluids: relative deviation of simulation data
(sim) to 2CLJID correlation (cor). Top: critical temperature. Bottom: critical
density. Symbols are: u*? =0 (), 3 (m), 6 (4), 9 (a), 12 (¥), 16 (=), 20 (+).

3.2.2.2 Saturated Densities, Vapor Pressure

The global temperature-saturated density correlations g L T )and o (P, L, 1)
are based on Equations (123) and (124), wherein all coefcients C1 to Cf and, of course, T
and p? are functions of the model parameters. The functions (P2 17) and pf (P2, L)
i.e. the global correlations of the critical temperature and the critical density, cf. Chapter
3.2.2.1, are part of the global temperature-saturated density correlations. The functions
C1(P*%,L*) to C§(P*, L*) are lincar combinations of elementary functions according to
Equation (125).

The global vapor pressure correlations Inp} (P2, L*, T*) are based on a polynomial
linear combination

* Y Cy C3 ‘
lnpa(T ) —CI+ZT*+T‘E’ (126)

performance in correlating vapor pressure data for
each of the 2CLJQ and 2CLID model fluids, It has already been used in previous works
of Lotfi et al. [234] and Kriebel et al. [191]. In Equation (126) the coefficients c1, c2.

and ez are functions of the model parameters, they are linear combinations of elementary
functions according to Equation (125)

that has been chosen due to its excellent
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The elementary functions required for the coefficient functions Cy(P*? L*) to
Cr(P*2,L*) and ¢ P*2 L) to c3(P*?, L*) were chosen empirically in order to obtain low
relative deviations between correlation and simulation data.

Given the elementary functions, all coefficients required for the global temperature-
saturated density correlations p*(P*?, L*,T*) and p™(P*3, L*,T*) and for the global va-
por pressure correlations In pL(P*2, L*,T*) are determined by uncertainty-weighted least

squares minimizations

5[5 1 (B L T2) = ind]* + g 6 (PP, 2, T7) = ]| £ mim, 27
i & ‘
1

2 ﬁ)‘ [inpo (P%, L1, T¢) = npysins]” = min, (128)
wherein the sums run over the complete saturated density data sets or the complete
vapor pressure data sets. The elementary functions and the coefficients for these global
correlations are given in Appendix D in Table 35 for the 2CLJQ model fluids and in
Table 36 for the 2CLJD model fluids.

Comparisons between the global correlations and the simulation data were already
presented in Figures 1 and 2 for the 2CLJQ model fluids and in Figures 3 and 4 for
the 2CLJD model fluids. Figures 7 and 8 exemplarily show relative deviations of the
simulation results from the global correlations. Typically, the saturated liquid density
correlation has the largest deviations for the highest temperature of each model, which
is due to the large simulation uncertainties in the near critical region. The saturated
liquid density correlations show small relative deviations in the range of 0.4 % for mid
temperatures which are most important for the adjustment of 2CLJQ and 2CLJD model
parameters to real fluids. In most cases, the vapor pressure correlations represent the
simulation data within their uncertainties. It has to be mentioned, that, except for 2CLJD
simulations with gradual insertion, vapor pressures at low temperature state points can
be largely uncertain due to the uncertain values of the configurational part of the chemical
potential obtained from the test particle insertion method in dense liquid phases.

Relative deviations of the saturated vapor densities are not illustrated here. The global
vapor density correlations p" (@2, L*) and p™ (u*?, L*) should not be used below about
060 T(P*2, L*). At low temperatures these two correlations are not useful as they do
not, due to their completely empirical nature, capture the limiting case of the ideal gas,
?Vhic.h is independent of the model parameters L* and Q*2 or u*2. Nonetheless, as shown
in Figures 1 and 3, these two global correlations describe the saturated vapor densities
correctly for temperatures beyond 0.60 - T(P*?, L*).

Th'e acentric factor [319] can be caleulated from the global vapor pressure correlations
When it is slightly extrapolated to the critical point

P (P2, L°,0.7-T7)
PP, 7}

w (P2, L) = —logy, Lo (129)
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Figure 7: Vapor-liquid equilibria of 2CLJ Q model fluids: relative deviation of simulation
data (sim) to 2CLJQ correlations (cor). Top: saturated liquid (l(-',nsi_t}; full and
empty symbols are for L* = 0 and L* = 0.505 respectively, with Q*2 = 1 (e,
©), 4 (A, A). Bottom: vapor pressure, full and empty symbols are for L* = 0
and L* = 0.8 respectively, with Q2 =0 (e, 0), 4 (a, 7).

The critical pressures and the acentric factors for the 2CL]J Q model fluids are given in
Table 3, those for the 2CLID model fluids in Table 4. As expected, the acentric factor

increases with increasing polarity and clongation. Moreover, Tables 3 and 4 contain the
critical compressibility factor

Ze=p/ (0: T7). (130)

3.2.3 Comparison to Results of Other Authors

Similar, but less comprehensive investigations of vapor-

model fluids discussed in Chapter 3.2.2 are available in literature, ¢f. Table 5. In that
table, also systematic studies of vapor-liquid equilibria of other model fluids than those
studied here are summarized. Furthermore, in those works. other simulation methods such
as the Gibbs Ensemble

Monte Carlo or Gibbs-Duhem Integration were applied. Among

liquid equilibria of various of the
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Figure 8: Vapor-liquid equilibria of 2CLJD model fluids: relative deviation of simulation
data (sim) to 2CLJD correlation (cor). Top: saturated liquid density. Bottom:
vapor pressure. Symbols are: ® 1CLID with p*2 = 9, @ 2CLJD with u*? = 6
and L* = 0.4, ¢ 2CLJD with 2*2 = 9 and L* = 0.505, A 2CLJD with p** =6
and L* = 1.

these investigations, the work of Lisal et al. [221] on the vapor-liquid equilibria of twenty
2CLID model fluids, with u?=0...12 and L* = 0.22...0.67, is the most extensive one.
Lisal et al. 1221] reported critical data and correlations for vapor pressures and saturated
densities for each of the twenty 2CLJD model fluids. Apart from vapor-liquid equilibria,
Systematic investigations of second virial coefficients of 2CLJD fluids are available from
?‘;‘ﬁ]l et al. [406], and of third virial coefficients of 2CLIQ fluids from MacDowell et al.

In Figures 9 and 10, the results from the present work are compared with the simulation
Tesults of other authors for the 2CLJQ and 2CLJD model fluids. Data is taken from Lotfi
etal. [234] for 1CLJ model fluids, from van Leeuwen et al. [405] for 1CLJD (Stockmayer)
model fluids, from Stapleton et al. [373] and Smit et al. [365] for 1CLJQ model fluids,
from Kriebel et al. [191] and Kronome et al. [197] for 2CLJ model fluids, from Dubey et
al. [83) and Lisal et al. [220, 221, 222] for 2CLJD model fluids, and from Moller et al
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Table 5: Literature survey: systematic investigation of vapor-liquid equilibria and ther-
mophysical properties of classes of model fluids. The index n6 indicates, that
the exponent of the repulsive term of the Lennard-Jones potential function, cf.
Equation (1), was varied.

Refs. Model

Lennard-Jones based models

[234] 1CL]

[342] 1CLJ plus Keesom potential
[108] 1CLJ6 with n =12,18,24
[309] 1CLJ, 6 with n=7— 32
192, 402] 1CLID

[193] 1CLID. polarizable

[174] 1CLID, polarizable

(365, 373] 1CLIQ

[310] modified 1CLIQ

[18, 108, 191, 366, 405) 2CLJ

[116, 120, 122, 197]
[343]
[83, 220, 221, 222]

2CLJ plus three-body Axilrod-Teller potential
2CLJD

[282, 339, 381 2CLIQ

82 2CLIDQ

Other models

[128, 408] spherical square-well

[136] spherical square-well plus peint octupole
[387] two-center square-well

[224] two-center square-well, homo- and heteronuclear
[256] square-well spherocylinders

[386, 4401 Buckingham exponential-6

192] modified Buckingham exponential-6

[123] Kihara plus point quadrupole

[124] Kihara plus point dipole

[428]

hard sphere reference potential
plus augmented Sutherland potential
plus point quadrupole

[282] for 2CLIQ model fluids.

Figures 9 and 10 show the relative deviations of the saturated liquid density and the

vapor pressure between simulation data of these authors and the global 2CLIQ and 2CLID
correlations from the present work.

The saturated liquid densitics of the other authors agree in almost all cases within the

combined uncertainties of present global correlation and the simulation data. Data near to
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critical points, of course, shows larger deviations. Molecular simulations with low particle
numbers yield slightly lower densities, thus causing systematic negative deviations, as can
be observed. for example, for 2CLJD data from Lisal et al. [220], f. Figure 10, top.
Also for the vapor pressure good agreement is observed. For 2CLJD model fluids large
uncertainties of the literature data have to be assumed if they have not been indicated in
the literature, cf. Figure 10, bottom.

The present vapor-liquid equilibrium data generally show much lower statistical uncer-
tainties than the simulation data of other authors, especially in the case of 2CLJD model
fluids. The present data set has furthermore the advantage that it was produced from the
same simulation method that was used uniformly over a large parameter range.
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1 2 3 4 5 6 #
p::.omer_p;,cor. IOOIQ‘ l o J. l }
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o ) .
-30 - - T
1 2 3 4 5 6 T

Figure 9: Vapor-liquid equilibria of 2CLJQ model fluids: relative deviation of simulation
data of other authors to 2CLJQ correlations based on simulation data from
the present work. Top: saturated liquid density. Bottom: vapor pressure.
Simulation data from other authors: o 1CLJ [234); + 2CLJ with L* = 0.22,
* 2CLJ with L* = 0.67 [191]; x 2CLJ with L* = 0.67 [197]; ¢ 1CLJQ with
@ = 4 [373); m 1CLJQ with Q*2 = 4 [365]; ® 2CLJQ with @*2 = 3.0255
and L* = 0.65, 4 2CLJQ with @*? = 3.0255 and L* = 0.779, ¥ 2CLJQ with
Q2 =3.7and L* = 0.58 [282]. Error bars show the uncertainties, if they are
available.
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Figure 10: Vapor-liquid equilibria of 2CLID model fluids: relative deviations of simula-
tion data of other authors to 2CLJID correlations based on simulation data
from the present work. Top: saturated liquid density. Bottom: vapor pres-
sure. Simulation data from other authors: e 1CLID with a2 =16 [405]_:
®m 1CLID with p*? = 12 [405]); — - — 2CLID with w2 =6 and L* = U.E{Ua
[222); — — — 2CLID with 1*2 = 12 and L* — 0.67 221 - - - 2CLJD with
4% =12 and L* = 0.3292 [221); — 2CLID with *2 = 12 and L* = 0.22
[221); + 2CLID with 4** = 9 and L* = 0.6 [83]; A 2CLJD with z*? = 9 and
L* =1[220]; ¥ 2CLID with p*2 = 12 and L* = 1 [220]. Error bars show the
uncertainties, if they are available.

3.2.4 Thermodynamic Consistency Test

The thermodynamic consistency of the 2CLJQ and 2CLID simulation data was tested
with the Clausius-Clapeyron equation

Olup? AR

e ek (RS
or* — piT* (1/p" ~1/¢7)

The left hand side of Equation (131)

relations, whereas the right hand side

simulation data, the uncertainty was

(131)

was evaluated with the global Vapor pressure COI-
of Equation (131) was calculated from the present
caleulated by the error propagation law. The present
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simulation data is thermodynamically consiste:

: ‘ -ally consistent as the requirement :

are fulfilled at almost all temperatures within the uncertainties of ths of Equation (131)
Equation (131). : e right hand site of
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4 Molecular Models of Classes of Real Fluids

The global correlations of the vapor-liquid equilibria of the 2CLJQ/2CLJD model fluids
were used for the efficient development of sets of accurate state independent compatible
2CLJQ/2CLJID models of real low-molecular fluids. The values for the parameters of the
molecular models are obtained from the adjustment of the vapor-liquid equilibria of the
model fluids to vapor-liquid equilibrium data of real fluids.

The class of unpolar or quadrupolar real fluids comprises the 23 fluids listed in Table 8
and includes noble gases, halogens, nitrogen, oxygen, carbon dioxide, and various Cs-
hydro- and -perhalocarbons. For all these fluids, molecular models of the 2CLJQ type were
developed. Furthermore, two octupolar fluids, tetrafluoromethane and tetrachloromethane,
as well as the hexadecapolar fluid sulfurhexafluoride were modeled with the 2CLJIQ po-
tential. For these three substances it is questionable whether the 2CLJQ potential is
appropriate. They are therefore considered as “test cases” here.

The class of multipolar real fluids comprises 55 fluids, which include carbon monoxide
and many halogenated methane, ethane, ethene, and ethyne derivatives, such as the al-
ternative refrigerants R23, R134a or R152a, cf. Tables 10 and 9. Further Cs-halocarbons
belong to this fluid class, but were not modeled here, as no reliable vapor-liquid equilib-
rium data were available. Depending on the importance of dipolarity or quadrupolarity,
either 2CLJD or 2CLJQ modeling was chosen for these substances. This modeling ap-
proach and criteria for deciding between dipolar or quadrupolar modeling of multipolar
fluids is discussed in Appendix E. Due to their importance for industrial applications,
thermodynamic modeling of halocarbons is of particular interest.

Apart from molecular modeling, there is ongoing research on molecular based equations
of state. For vapor-liquid equilibria of pure refrigerants and their mixtures obtained from
equations of state, see [117] (SAFT-VR equation of state), [430] (BACKONE equation of
state), and the series of papers [100, 101, 274] (PHSCT equation of state with parameters
estimated from molecular simulation or quantum chemistry) for recent work.

All 2CLJQ/2CLJD models developed in the present work are optimized for simulations
of vapor-liquid equilibria. Typical relative deviations of simulation results and experiment
of the models for fluids with unpolar or quadrupolar molecules are +3% for the vapor
g;:&;lged :I:O‘. 5% for t-he saturated liquid density, and 2% for the enthalpy of vaporization.

s with multipolar molecules these relative deviations are typically £4% for the

Vapor pressure, +0.5% for the saturated liquid density, and +3% for the enthalpy of

models can straiglltfor;w‘rar(ﬂ llx)m. i en Py s htor 0{.2 et 2CLJQ/2CLID

o ¥ be applied to the modeling of mixtures due to the complete
compatibility of the models among cach other.

re-x-jlor;(tvso Fllowtng chiapgers; the modeling of low-molecular substances in literature is

an outline of the procedure applied in the present work to determine the



41 Literature Survey 55

90LJQ/2CLID model parameters is given, and results of applications of the molecu-

Jar models are presented and compared to experimental data and to results from models

available in literature.

4,1 Literature Survey

Many of the fluids, for which new molecular models for engineering purposes are proposed
in the present work, were previously investigated by other authors by means of molecular
simulation on the basis of various molecular models. Tables 6 and 7 illustrates the situa-
tion, without claiming to give a complete picture. The literature models were optimized
for different applications, such as the description of phenomena in the solid state, liquid
state, thermophysical properties and structure, second virial coefficient in the gas phase,
or, in some cases, for the description of vapor-liquid equilibria.

Tables 6 and 7 do not contain molecular models of further low-molecular hydrogen-
bonding substances like ammonia (NH3) [195, 327], or water (H,0), which is subject of
ongoing important modeling research. For recent overviews and insights concerning water,
of. 24, 34, 90, 129, 175, 223, 249, 301, 299, 332, 412]. For brevity, transferable force fields.
like for example OPLS [162. 165, 166], AMBER [56, 61, 62, 429, CHARMM [30, 245],
NERD (294, 295, 296, 298], TraPPE [254], TraPPE-UA [47, 255, 434], TraPPE-EH [48],
OPPE [74], AUA [28, 397, 394], or COMPASS [384, 442] are omitted in Tables 6 and 7.
These force fields comprehend models of the hydrocarbons and of many other substances
modeled in the present work. Further works on models of fluids with larger molecules like
n-alkanes [91, 364], cyclic alkanes [93, 302], or benzene [93] are just mentioned here to
illustrate the extent of molecular modeling and simulation.

Two main approaches for developing molecular models for low-molecular substances
can be distilled from literature, cf. Tables 6 and 7:

(i) All-atom multicenter modeling, typically with partial charges derived from ab-initio
data, in some cases with internal degrees of freedom. Examples are molecular models of
halocarbons [19, 20, 21, 44, 66, 80, 95, 99, 140, 149, 151, 159, 277, 312, 326, 347, 382],
o & model of carbon dioxide [143]. The importance of electrostatic contributions in the
Ill(l[e(fu]a,;: model is generally accepted today, so multicenter modeling without electrostatic
z‘:n;lll'i:);"-llf:ﬂi;;f. some mo(l(r?s for tetrafluoromethane (CFy), tetrachloromethane (CCly),
b cﬂsmm::f ;mnde (SF§) in Tables 6 and 7, 15 no longer state of the art. Except for
L partjai Ch or example the model of the refrigerant R41 [382], models of .tlm al.l-‘atc.rm

(i) United-': ge type were not (I(‘vcelopﬂ.l for t.he (le.-scriplﬂion of vapor-liquid eql'ullbna.
o ;l)mlmudcilmg. F)r(‘f(rral)]y with pm.nt dipoles or point quadrupoles, in Sor-ne
i - c la;‘g%. This model type, typically based on Lennard-Jones potential
iy m(;deiq -sz'sl L. ovwer muub(_er of n.mdf.&l parameters and is therefore broadly used.
St verk In iy !JS' t\ pe are a?vmlable in literature for the fluids considered in the pre-

POME cases optimized for the description of vapor-liquid equilibria, 2CLJ or
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4.9 Parametrization Procedure 59

2CLJQ models for nitrogen, oxygen, carbon monoxide, carbon dioxide, carbon disulfide,
halogens, or ethane were developed, for example [18, 108, 116, 161, 286, 363]. Sets of
Stockmayer models for calculations of vapor-liquid equilibria of carbon monoxide and
halocarbons are available [120, 402]. 2CLJD models for the description of vapor-liquid
equilibria of refrigerants were suggested [189, 221, 222]. Further 2CLJD-based models
of refrigerants [185] were developed for the description of the second virial coefficient.
Another 2CLJ-based model with partial charges was optimized for the deseription of
vapor-liquid equilibria of R41 [370]. Dipolar and dipolar-quadrupolar Kihara models for
the calculation of vapor-liquid equilibria of halocarbons were developed [201]. Note, that
for carbon monoxide no 2CLJQ or 2CLJD models were published previously.

This literature survey underlines, that Lennard-Jones type potential functions are
broadly used to model low-molecular substances. The subsequent comparison of the
present molecular models to models from literature reveals, that the parametrization
method of the present work is rewarding, as it explores the inherent optimization po-
tential of the 2CLJQ/2CLJD models more thoroughly and more efficiently than in any
previous work on these model types.

4.2 Parametrization Procedure

Several data points on the vapor-liquid coexistence curves between about 0.55 Tt exp up to
about 0.95 T} .., were used in the model parameter fitting procedure. With the global cor-
relations the underlying non-linear optimization equations yielding the 2CLJQ or 2CLJD
model parameters were

(T2 (P, L) - ek — Topp) [Toesp = Inin, (132)
Z [(P; {Ptg- )i kB/’E) 0 5/0'3 o pu',eﬂ:p(ﬂ)) /pm,e'xp(Ti)] = min, (133)
Z [{PF* (P*Z’ L*:qji A kB/&-) /03 T prexp(T;)) /prmp(z)] ; min, (134)

i

wherein P*2 symbolizes ¢*2 or *2 in the case of 2CLID or 2CLJQ modeling, respectively,
and 7 counts the state points used for the optimization. Experimental critical temperatures
Tc,cxp in Equation (132) were taken from Reid et al. [329] for unpolar or quadrupolar fluids
and for propylene, and from the REFPROP data base [328] or from Daubert et al. [67]
for the remaining multipolar fluids. The experimental data psexp (T3) and Péxp (T3) in
Equations (133) and (134) was taken from correlations of experimental data of vapor
pressures and saturated liquid densities available in the references given in Table 37 in
Appendix F. With respect to the statistical uncertainties of the molecular simulations
these correlations of experimental data were assumed to be exact.

Tables 8, 9, and 10 report the 2CLJQ and 2CLJD parameters resulting from this
Optimization. Note that vapor-liquid equilibria of Stockmayer fluids (1CLJD) can be
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calenlated from the global 2CLID correlations when the elongation L is zero and the
Lennard-Jones energy parameter € is divided by four. The determination of the signs of
the parameter Q. cf. Tables 8 and 9, is described in Appendix G. Signs of @ are omitted,
if they can not be determined with the method described there. In the case of the test
fluids. no effort was made to determine the signs of the unphysical parameter Q. As
deseribed in Chapter 6.3.1, propylene was used as an example for determining the sign of
Q@ empirically.

For the quantification of the performance of the present molecular models, mean rela-
tive deviations of the saturated liquid density

n

1/2
W = [‘:I z [(p"(.P‘, § Pl kB/E‘) /0-3 i ptm(ﬁ)) /p’exp(ﬂ)] 2] ; (135)

=1

and mean relative deviations of the vapor pressure

1/2

2= 1] “ 5

0p, = [E Z [(pa'(Fe L*, T - kB/E) 2 E/g3 i pn.exp(n)) /pﬂm(j-;)] 2] : (136}
i=1

are given in Tables 8, 9 and 10. They are calculated by the means of the global correlations

for the saturated liquid densities and the vapor pressures of the 2CLID and 2CLJQ model

fluids for n =~ 20 temperatures T; from about 0.60 - T, .., to about 0.95 « Tt exp-

For clarity, the CAS Registry Numbers of the fluids modeled in the present are given
Table 38 in Appendix H.

Table 8: Parameters of the 2CLJQ potential model for unpolar or quadrupolar molecules.
Mean relative deviation between simulation data and experimental data for
saturated liquid density and vapor pressure of the pure fluids.

Fluid o /Ry Q 30  opa
A K A DA %0 %
Neon (Ne) 28010 33921 = ) 0.60 2.47
Argon (Ar) 3.3952 116.79 - 0 0.89 2.13
Krypton(Kr)  3.6274 16258 - 0 0.87 2.06
Xenon(Xe) 3.9011 227.55 ~ 0 1539 1.72
Methane (CH;) 3.7281 148.55 > 0 1.01 2.71

Fluorine (F3) 28258 52147 14129 408020 030 1.92
Chiorine (Clz) 34016 160.86 1.0819 442356 0.02 2.88
Bromine (Bry) 35546 23676 21777  +4.8954 0. 02 1‘53
Io_diue (1) 37200 37147 26784  +56556 1.12 2l13
Nitrogen (Ny) 33211 34897  1.0464 ¥1.4397 0' 22 1 ; 10
Oxygen (03) 31062 43.183 0.9699 —0..8081 036 1:42
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Table 8: continued.

Fluid a e/ks L Q 37 op,
A K A DA % %

Carbon dioxide (CO2) 2.9847 133.22 24176 —3.7938 020 149
Carbon disulfide (CSz) 3.6140 257.68  2.6809 +3.8997 010 141
Ethane (C2Hs) 34896 136.99 23762 —0.8277 036 211
Ethene (CoHy) 3.7607 76.950 1.2695 +4.3310 026 1.71
Ethyne (C2H3) 3.5742 79.890 1.2998 +5.0730 055 229
Perfluoroethane (C2Fg) 41282 11019 2.7246 —84943 044 372
Perfluoroethene (C2F4) 3.8611 106.32 22394 -—7.0332 041 478
Perchloroethene (C2Cly) 4.6758 211.11 2.6520 -16.143 058 246
Propadiene (CH,=C=CHz) 3.6367 17052 24958 151637 049 693
Test cases:
Sulfur hexafluoride (SFg) 3.9615 11898 2.6375 8.0066 022 ]_L.SG
Tetrafluoromethane (CF4) 3.8812 59.235 1.3901 5.1763 030 052
Tetrachloromethane (CCly) 4.8471 142.14  1.6946 14346 049 116

Table 9: Parameters of the 2CLJQ potential model for multipolar molecules. Mean rel-

ative deviation between simulation data and experimental data for saturated
liquid density and vapor pressure of the pure fluids.

Fluid o e i Q

A K A DA %
Carbon monmade (CO) 33344 36713 11110 19170 018
R113 (CFCl,—CF,Cl) 45207 217.08 36166 12984 027
R114 (CF,Cl-CF,Cl) 4.3772 18326 35018 11456 045
R115 (CF,Cl-CFa) 41801 155.77 33513  9.2246 034
R134 (CHF,—CHF;) 3.7848 17046 30278 78745 024
CH;Br, 3.8683 27497 30946  9.2682 010
CH,Br-CH,Br 41699 302.33 33359 10903 047
CF4Br—CF,Br 45193 21840 36154 12822 029
CCl=CHCI1 44120 201.03 26357 13.624 052
Propylene (CH,=CH—CH,) 3.8169 150.78 25014 59387 030
Propyne (CH=C-CHa) 3.5460 186.43 28368 —5.7548 045

ape
%
191
2.46
3.66
5.03
3.31
2.42
2.61
2.68
4.32

2.38
2.06
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Table 10: Parameters of the 2CLJD potential model for multipolar molecules. Mean
relative deviation between simulation data and experimental data for saturated
liquid density and vapor pressure of the pure fluids.

Fluid acatoe/ b 20 1, 1 TR
A K A P e i
Carbon monoxide (CO) 3.3009  36.897 1.1405 0.7378 0.38 0.29

R11 (CFCly) 40213 22415 33377 27009 031 295
R12 (CF:Cl) 3.8286 185.66 3.2700 2.3219 0.51 1.62
R13 (CFzCl) 3.6184 145.95 3.0738 1.8261 0.55 1.66
R13B1 (CF3Br) 3.6817 170.32 3.3573 2.0478 0.65 0.14
R22 (CHEF,Cl) 34682 17743 3.1203 2.2667 054 2.99
R23 (CHF;) 3.2643 12356  2.5670 2.1607 0.55 6.13
R32 (CHF,) 3.8971 155.97 = 24745 0.7 6.43
R4l (CH3F) 3.0382 137.64 24530 1.8850 0.17 1.46

R123 (CHCl,—CF3) 40530 221.75 4.0530 3.7002 0.76 4.24
R124 (CHFCI-CF3) 3.8852 19225 3.8852 3.2190 0.77 5.42
R125 (CF3-CHF,) 3.6861 162.77 3.6861 2.8245 083 6.31
R134a (CF3--CH,F) 3.6138 17512 36138 3.0214 0.73 6.45
R141b (CFCl,—CH3) 4.0209 23143 3.6015 3.1484 036 2.98
R142b (CF3CI-CH,) 3.8404 193.68 3.4675 29610 068 3.17

R143a (CF3~CH,) 3.5960 165.04 3.5395 2.7470 051 148
R152a (CHF,—CHj) 3.5168 18201 3.3125 27354 032 3.48
R161 (CH,F-CHj) 3.3968 176.84 3.1006 24110 1.61 035
CH;Cl 3.3400 186.57 25725 2.0217 022 1.09
CH3Br 34557 21381 26146 1.8536 015 2.54
CH;l1 3.6367 232.86 2.7083 24983 014 1.11
CH,Cly 45106 269.44 - 33733 030 7.84
CH;Br, 4.7376  351.03 - 3.7104 026 10.7
CHsl, 5.0481 387.14 = 48971 029 1.44
CH,CIBr 35838 27449 35662 3.1998 1.13 047
CHCly 38153 26529 3.7798 3.3920 029 1.31
CHBry 4.0575 35741 3.9423 35204 035 0.8
CHFCl, 3.6522 22069 34396 27852 076 0.66
CF3Br» 41317 19808 27356 25137 047 6.69
CF,CIBr 3.8560 21223 35957 26786 0.65 0.17
CCl3Br 41366 30534 3.9869 3.6313 1.03 026
CHCl,—CH; 3.8579 25524 38135 35236 069 0.86
CHCL;—CH, (1 40768 286.36  4.0095 42074 018 5.26
CCl3—CHy 42224 25375 34808 35019 011 3.69
CCl3—CH,Cl 4.3282 29286 4.1261 47919 052 282
CH:Br—CH,4 3.6769 25575  3.6760 20425 072 142
(c:g?:{;g% 40234 34120 40234 22097 031 622
CHCLBH?:F 41262 259.97 38460 43049 014 042
e 013 4.6’{27 15178 20700 3.738 037 011

3—CF,C 43651 25825 42542 47137 0.33 0.33
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Table 10: continued.

Fluid o e/ks L u  op op,
A K A D % %
CHF=CH:; 3.3552 155.74 2.7513 1.6565 0.37 1.55
CF,=CH; 3.7848 71.963 1.4863 23643 049 041
CHCI=CH: 3.6875 181.16 2.5049 21078 0.19 1.46
CHCI=CF; 3.6501 193.24 3.4497 2.7449 061 042
CFCI=CF, 3.7438 181.71 35521 2.8408 003 227
CFBr=CF, 3.8200 218.12 3.5874 25273 0.68 0.18

4.3 Results for Thermodynamic Properties

The new 2CLJQ/2CLJD models were validated by applying them for molecular simula-
tions of vapor-liquid equilibria with the NpT+Test Particle Method, cf. Chapter 2.5.1.
For 2CLJD fluids. at the lowest temperatures the confignrational part of the chemical po-
tential needed for the NpT+Test Particle Method was obtained from the gradual insertion
method of about 15000 Monte Carlo loops, otherwise the configurational part of the chem-
ical potential was obtained from the test particle insertion method, cf. Chapter 2.4. Fur-
ther technical details of the simulations were identical with those given in Appendices C.1
and C.2.

The vapor-liquid equilibrium data obtained from these simulations are compared in
the following to experimental data of the modeled fluids. Furthermore, molecular models
of other authors are compared to the present molecular models. For that purpose, the
empirical correlations of the vapor pressure and the saturated densities developed in the
present work were applied for 2CLJQ/2CLJID models from literature, or published vapor-
liquid equilibrium data are used for more complex models. It was not in the scope of the
present work to perform simulations with more complex molecular models for the purpose
of comparison.

In order to demonstrate the performance of the new molecular models to predict
thermophysical properties in homogeneous fluids states, molecular simulations of va.rioTlS
homogeneous fluid state points were performed in the NpT' ensemble. Technical details
of these simulations without calculation of the chemical potential were identical to those
given in Appendices C.1 and C.2.

Data from the present work shown in Figures 11 to 29 is available in [378].

43.1 Unpolar or Quadrupolar Fluids

Figures 11 to 14 and Figures 15 to 18 show saturated densities and vapor pressures fror.n
the present molecular models of unpolar or quadrupolar fluids in comparison o experi-
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mental data and to data from models from other authors. Many of those models from the
literature are of the 2CLJ type — also the OPLS model of ethane [164]. The parameters of
those 2CLJ models and the mean relative deviations of the saturated liquid density and
the vapor pressure, ¢f. Equations (135) and (136), are listed in Table 11. Vapor-liquid
equilibrium data of more complex models of ethane (TraPPE-EH force field [48]). carbon
dicxide (two-center plus point charges model [143]). carbon disulfide (multicenter model
[194]). chlorine (anisotropic interaction potential [219]), sulfur hexafluoride (multicenter
model [238)), tetrafluoromethane (multicenter models [238, 326]), and tetrachloromethane
(multicenter models [108, 238]) was taken from literature and is shown in Figures 13, 14,
15, 17, and 18. The models from [18, 48, 108, 116, 143, 238, 282, 326) were optimized for
the description of vapor-liquid equilibria.

Table 11: Parameters of 2CLJ and 2CLIQ models of quadrupolar finids from literature.
Mean relative deviation between model data and experimental data for satu-
rated liquid density and vapor pressure.

Fluid Ref. Model o elkp L 6 g Op,
K A DA % %
F2 [363] 2CL] 2.825 528 14266 0 070 149
T2 [108] 2CLJ 28317 53.472 14300 0 0.66 7.61
cly [363] 2CLJ 3332 1783 20992 0 145 tor
Cly [286] 2CLIQ ST gEAs  opr 360 087 9.66
Bra  [1§ 2CLJ 32843 34547 3.2186 O 729 822
Ny (116] 2CLI1 3316 373 10800 0 104 141
Na [284) 2CLIQ (X1) 3318 364 1098 0 115 5.31
Np (108] 2CLJ 3.3078 36.673 1.0890 0 083 528
Oz [18] 2CLJ 3.2104 38.003 0.7063 0 145 235
CO;  [283] 2CLIQ 3.0354 125317 21217 3.6727 075 421
CO;  [108] 2CLJ 29376 161.83 2.3205 0 625 244
CS:  [18] 2CLJ 37509 23226 22130 0 307 151
CHs [18) 2CLJ 35120 139.81 23530 0 2.06 16.0
C:He [164] 2CLJ (OPLS) 3.775 10422 153 0 467 205
CoHs i8]  2CLI 3.3268 137.73 24618 0 2.80 187

' For _a.l.mo.st all ﬂ\}ids, the relative deviations of the saturated liquid densities from
T;r;ulatl:ons T tl‘xpemnentaj data |dp'| = I(F’;:m = Pexp)/Pixp)| Obtained from the present

LA [_n(’ddﬁ _al'f% Clwﬂy below 1 %. This can also be seen from the values of the
;nem(li rellat.lve deviations ép’ given in Table 8. For temperatures around 0.7 - T¢ the relas
1ve deviations of the vapor pressures [6ps| = D, — Tias) Poexps)| aTe about 43% or less

(for example eth i :
ane, fl g A
P! s Huorine, chlorine, bromine, iodine). For temperatures above about

0.85- T, .
¢ and below ahout 0.65 - T, relative deviations of the VAPOr pressures increase 1o



4.3 Results for Thermodynamic Properties 6

200
Tt
150
100
50 R Ne
0 10 20 30 40 50 60
L2/ mol i
600 A : ——
T/K P
’
500 { oo’
D/’
*
400 g _____________ ,
s opadiene
¥4 3
300 }o
200 A = . . ]
0 5] 10 15 20

p/ mol !

Figure 11: C omparison of experimental data of saturated densities to different, models:
~—— experiment (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2.
® Simulation results from present models; error bars are, if not indicated,
within symbol size. Results from models from the literature (cf. Table 11),
top: O Fy [363], & Fa [108], bottom: & Bry [18].
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Figure 12: Comparison of experimental data of saturated densities to different models:
—_ xperiment (cf. Table 37), ~ ~ — global correlation, of. Chapter 3.2.2.2
® Simulation results from present models; error bars are, if not indicated;
within symbol size. Bottom: 0 results from a model of C,Hy from the litera-
ture [18] (cf. Table 11).
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Comparison of experimental data of saturated densities to different models:
—— experiment (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2.
® Simulation results from present models; error bars are, if not indicated,
within symbol size. Results from models from the literature (cf. Table 11),
top: ¢ O [18] O N, [116]. A Na [284], v N, [108]. bottom: © CS, [18] o CSs
194], v SFy [238]. O CFy [238], & CF4 [326]; error bars are indicated. if data
is given in the literature.
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Figure 14: Comparison of experimental data of saturated densities to different models:

— experiment (cf. Table 37), — — ~ global correlation, ¢f. Chapter 3.2.2.2.
® Simulation results from present models; error bars are, if not indicated,
within symbol size. Results from models from the literature (cf. Table 11),
top: 0CO; [282], A CO, [108], & CO, [143], o C,H [48], + CzHs (18],
o CoHg [164], bottom: + CCl, [108], v CCl, [238], o Cl, [363], & Cl [286];
o Cly [219]; error bars are indicated. if data is given in the literature.



4.3 Results for Thermodynamic Properties 69

about £5%. This is due to the increasing influence of critical effects and to the relatively
uncertain calculation of the configurational part of the chemical potential in dense phases
by the test particle insertion method. For most of the models from the literature much
larger deviations are observed.

Figures 11 and 16 show, that the 2CLJ model of fluorine from [363], whose size, energy,
and elongation parameters are very similar to those of the present 2CLJQ model of fluorine,
yields very good description of the saturated densities and the vapor pressure. However,
a direct comparison of the mean relative deviations §g and dp, (cf. Tables 8 and 11)
of both models reveals, that the present 2CLJQ model of fluorine describes saturated
liquid densities with higher accuracy, whereas similar deseription of the vapor pressure is
obtained from both models. For the fluids fluorine, chlorine, bromine, nitrogen, oxygen,
carbon dioxide, carbon disulfide, ethane, and ethene, Figures 11 to 18 and the values of
8¢ and 3p, in Tables 8 and 11 clearly underline the advantages of the present 20LIQ)
models over the models from literature in deseribing vapor-liquid equilibria. Also for the
test case fluids a better description of vapor-liquid equilibria is obtained.

2,0 xS 3.0 3.5 4.0 4.5
1000K/T

Figure 15: Comparison of experimental data of vapor pressures to different models:
~—— experiment (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2.
® Simulation results from present models; error bars are, if not indicated,
within symbol size. Results from models from the literature (cf. Table 11):
O Br [18), D Cl, [363], a Cl; [286], o Cl, [219], v SFe [238]; etror bars are
indicated, if data is given in the literature.



70 4 MOLECULAR MODELS OF CLASSES OF REAL FLUIDS

10!

p,/MPa E;

100 4

10-1 4

10 == . . :
10 20 30 40
1000 K /T

p,/ MPa

10°

it

10 12
1000K /T

Figure 16: Comparison of experimental data of vapor pressures to different models:
—— experiment, (cf. Table 37), — — — global correlation, ¢f. Chapter 3.2.2.2.
® Simulation results from present models; error bars are. if not indicated,

within symbol size. Results from models from the literature (cf. Table 11),
top: OF; [363], » F, [108], bottom: 0 CoH, [18].
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Figure 17: Comparison of experimental data of vapor pressures to different models:
—— experiment (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2.
® Simulation results from present models; error bars are, if not indicated,
within symbol size. Results from models from the literature (cf. Table 11},
bottom: 0 CFy [238], & CFy [326); error bars are indicated, if data is given
in the literature.
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Figure 18: Comparison of experimental data of vapor pressires to different models:
— experiment (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2.
® Simulation results from present models; error bars are, if not indicated,
within symbol size. Results from models from the literature (cf. Table 11),
top: ON; [116], & Ny [284], v N, [108], © O, [18], o C;Hg [48], + C:He [18]
0 CaHs [164], bottom: o CO, [282], & CO, [108], v CO; [143), © CSs 18]

o CS, [194], + CCl, [108], v CCl, (238]; error bars are indicated, if data is
given in the literature.
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As can be expected from the thermodynamic consistency, most of the present molecular
models predict enthalpies of vaporization also very well, cf. Figures 19 and 20, Typically,
they have relative deviations [§Ahy| = |(Ahy s — ARy exp) /ARy exp)| below 3 %, in many
cases cven below I % (for example ethane, perfluoroethane, perfluoroethene, iodine, or
oxygen).

15 1 C,H,
Ahy, / kJ mol™
12
Kr
9 CH,
0,
F, o
6 -| N, e
L]
3 1 Ne
0 Ai—L - . - . -
50 100 150 200 250 300
T/IK
30 A
Ak, / k) mal™
25 -
20
15 1
10
5
; : : 600
400 500
200 300 i

Figure 19: Comparison of experimental data of enthalpies of vaporization to present
models: —— experiment (cf. Table 37), ® simulation results from present
models. Error bars of simulation results are, if not indicated, within symbol

size.
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Deviations increase for state points close to the critical point, as the critical temperature
given by the molecular models is in most cases slightly higher than the experimental
value. For carbon disulfide and tetrachloromethane experimental data for the enthalpies
of vaporization are only available in a small temperature range.
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|
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T/K
L3
30 1 P e
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[ ]
10 {Xe
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0 M T T
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Figure 20: Conil;;:ri.‘mn of experimental data of enthalpies of vaporization to present
modes: = experiment (cf. Table 37), ® simulation results from present

Size.

n‘lod:-.is. Error bars of simulation results are, if not indicated, within symbol
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In Table 12 experimental data of the critical temperature T, critical pressure p,. crit-
ical density pe, and critical compressibility

(137)

as well as the acentric factor

po (07T _
” ] ik (138)

<

w = ~log;, [

are compared to data of the present 2CLJQ models using the global correlations for the
2CLJQ model Auids. Typical relative deviations between the critical data obtained from
the molecular models and experimental values are about 4 % for p., and 1-2 % for p.. It
can be seen from Table 12 that the reduced properties Z. and w for the 1CLJ models are
all equal and generally agree fairly well with the experimental data.

Table 12: Critical properties and acentric factors from the present models of unpolar or
quadrupolar fluids, ¢f. Table 8, in comparison to experimental data [329], or
359] 1.

Fluid 5 s i e w
K MPa mol/l
Ne exp. 44.4 2.76 2404 0311 -0.029
mod. 444 2.69 23.72 0306 -0.032
Ar exp. 150.8 4.87 13.35 0.291 0.001
miod.. S153:0F =H 21 13.32 0306 -—0.032
Kr exp. 2094  5.50 10.96 0.288 0.005
mod. 213.0 5.94 10.92 0306 -0.032
Xe exp. 289.7 5.84 845 0287 0.008
mod. 298.1 6.69 878 0306 —0.032
CH; exp. 190.4 4.60 10.08 0.288 0.011
mod. 194.6 5.00 1006 0306 —0.032
Fz exp. 1443 522 1508 0288 0.054
mod. 145.2 5.44 15.05 0.300 0.050
Cly exp. 416.9 7.08 808 0.285 0.090
mod. 418.6 .39 8.10 0.297 0.100
Brz exp. 588 10.3 7.86 0.268 0.108
mod. 587 10.0 6.86 0.298 0.086
I; exp. 819 11.73t 645 na. n.a.
mod. 820 11.12 544 0.300 0.087
Na exp. 126.2 3.39 11.14 0.290 0.039
mod. 126.7 3.46 11.13 0.295 0.034
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Table 12: continued.

Fluid il Pe Pe Z, w
K MPa mol/l
02 exp. 1546 5.04 13.62 0.288 0.025
mod. 1554 5.18 13.58 0.295 0.018
CO, exp. 3041 738 1065 0274 0239
mod. 3056 7.49 10.55 0.279 0.232
CSz exp. 5562 7.90 6.25 0.276 0.109
mod. 556 8.13 5.83 0.302 0.083
C2Hg exp. 3054 488 6.74 0.285 0.099
mod. 3102 527 6.74 0.303 0.065
C,H, exp. 2824 5.04 7.67 0.280 0.089
mod. 284.0 5.29 7.62 0294 0.091
C,H,; exp. 3083 6.14 887 0.270 0.190
mod. 3114  6.67 8.88 0.290 0.186
CoFs exp. 2030 3.06 450 0.279 n.a.
mod. 2960 3.15 441  0.290 0.227
CaF,4 exp. 3065 3.94 581 0.267 0.223
mod, 3095 4.36 575 0.295 0.210
C.Cly exp. 6202 4.76 345 0.250 n.a.

wod. 6262 502 327 0294 0.212

Propadiene exp. 393 547 617 0271 033
mod. 399 5.94 6.08 0295 0.121

Test cases:

SFe exp. 318.7 3.76 503 0282 0.286
wod. 3187 3.82 497 0200 0.231

CFy exp. 2276 3.7 716 0276 0.177
mod. 2289 3.85 6.94 0.291 0.169

CCly exp. 65564 4.56 3.62 0272 0.193

mod. 5636 4.91 361 0200 0179

_Apan from simulations of vapor-liquid equilibria, the molecular models were used at
various homogeneous fiuid state points. In Table 13 results of these simulations for the
fluids perfluoroethane, ethene, nitrogen, and oxygen are compared to experimental data
of density p and residual enthalpy defined as

hS(T.p) = h(T.p) — W(T). (139)
Ab‘_) points far from the vapor-liquid equilibrium region are included in this com-
parison. In most cases densities from the simulation agree very well with the exper-

im‘:’_"aj data. Residual enthalpies are also reasonably predicted. Relative deviations
68" = |(hi, — hiZ)/h)| are typically about 3%.
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8

Table 13: Results from NpT simulations with present 2CLJQ models of quadrupolar
fluids, cf. Table 8, at various homogeneous fluid state points and comparison
to experimental data [328]. Numbers in parenthesis are uncertainties of the

last digits.

Fllli(l T P p Jyres
K MPa mol/ J/mol
CFs 222 0.1 exp.  0.056 214
sim. 0.057 (1) 205 (3)
222 7 exp. 11.046 -14849
sim.  11.008 (3) -14787 (8)
222 20 exp. 11.489 -14339
sim.  11.487 (5) -14303 (8)
423 2,845 exp. 0.882 -1215
sim.  Q.876(2) -1196 (8)
423 7.393 exp. 2.52 -3316
sim.  2.520 (5) -3169 (11)
423  49.551 exp. 85 -6653
sim. 8543 (5) 6339 (9)
CH; 213 0.3 exp. 0.178 -260
sim. 0177 (1)  -220 (10)
013 10 exp. 18.410 -11978
sim.  18.385 (8) -12151 (58)
213 20 exp. 18.914 11748
sim.  18.880 (7) -11942 (5)
450 5.311 exp. 1.524 -1136
sim.  1.511(2) -1010 (6)
450 1395 exp. 4354 2908
sim.  4.260 (7) -2642 (9)
450 171.51 exp. 17.6 -2651
sm.  17.379 (5) 2410 (6)
N 95 0.2 exp. 0.266 -103
sim.  0.2647 (9) -96 (2)
95 7 exp. 26.60 -5045
sim. 26.64 (1) -5055 (3)
95 20 exp. 27.99 -4816
sm. 27.99 (1) -4827 (2)
280 5.198 exp. 2.260 -355
m. 2955 (2) 43 @)
280 14.930 exp. 6.360 -882
gm. 6317 (5) 846 (3
280 114.92 exp. 22.26 -138
Ny sm. 2208 (1) -109 @)
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Table 13: continued.

Fluid T P P e
K 'MPa mol/] J/mol
CO, 260 12 exp. 0.618 -749
sm. 0612 (3) -648 (8)
260 10 exp. 23.52 -13558
sim. 2330 (2) -13809 (13)
ZRGROH exp. 2431 -13544
sim. 2404 (2) -13809 (11)
' 550 9998 exp. 1608 4623
| i sim. 1544 (1) -4464 (1)
] 151 60D 103 exp. 2110 -954
| sim. 2.088 (4) -887 (10)
i l 600 2974 exp. 6.020 2420

sim. 5846 (6) -2221 (9)

Figures 11 to 20 as well as Tables 12 and 13 demonstrate, that the present 2CLJQ
[ models allow accurate simulation of vapor-liquid equilibria of the pure fluids with sym-
! | metric unpolar or quadrupolar molecules modeled here and that these molecular models
:‘, iif have good predictive power (cf. Table 13) for thermophysical properties in homogeneous
fluid states far away from the vapor-liquid equilibrium states. Similar results were found
recently for the prediction of thermophysical properties of supercritical carbon dioxide
[59] by the means of a 2CLJQ model of carbon dioxide available in literature [282].

Figure 21 shows a comparison of results for the second virial coefficient B of carbon
dioxide obtained from the present 2CLJQ model and from a model based on ab initio
calculations on MP2 level of theory [13] to experiment. The ab initio model [13] is in
very good agreement with experimental data. Also the present 2CLJQ model of carbon
dioxide, which was obtained from thermodynamic data alone, compares favorably to the
experiments. This encouraging finding is an important hint that in future work results
r from quantum mechanical caleulations may conveniently be used for the parametrization
) of effective molecular models, that quantitatively describe macroscopic thermodynamics.

T T

4.3.2 Multipolar Fluids

For a representative sample of multipolar fluids, Figures 22 and 23 compare the saturated
densities and Figures 24 to 26 the vapor pressures from the present molecular models to
experimental data and to data from molecular models from other authors. Many of the
models from the literature are 2CLJ, 2CLJD and Stockmayer models. The parameters of
those models and the mean relative deviations of the saturated liquid density and the vapor
pressure, f. Equations (135) and (136), are given in Table 14. This comparison compri-
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Figure 21: Second virial coefficient of carbon dioxide. + Experiment, data taken from
[13], ® present 2CLJQ model, 0 model based on ab initio calculations [13].

ses also vapor-liquid equilibrium data from a 2CLJD-like model of R23 [370], which is
composed of two Lennard-Jones centers plus two point charges. Except for one 2CLJD
model of R152a [407], which has been developed for the investigation of the second virial
coefficient, all models from the literature shown in Figures 22 to 26 were parametrized for
the calculation of vapor-liquid equilibria.

For almost all multipolar fluids shown in this comparison, the relative deviations of the
saturated liquid densities from simulation to experimental data |6p'| = |(P’m = p’&p)/ p’acp)l
obtained from the present molecular models are clearly below 1%. This can also be
seen from the values of the mean relative deviations '67 given in Tables 9 and 10. For
temperatures around 0.7- 7). the relative deviations of the vapor pressures from simulation
to experiment |§pa, = ’(Pa'.sim =S pu'.exp)/pa.exp)' are typlmlly less than 4%. As illustrated in
Figures 24 to 26, somewhat higher relative deviations of the vapor pressure are observed
for some fluids, for example R23 or R32, for temperatures below about 0.65 - Tc. The use
of both dipolar and quadrupolar models might improve the description of vapor pressures
at low temperatures. However. the mean relative deviations of the vapor pressure p, are
still generally below 3%, in some cases even below 1%. This shows that for many fuids
the 2CLID and 2CLJQ modeling yields an excellent description of the saturated liquid
densities and the vapor pressures.

Figures 22 and 23 and Table 14 show, that the models from the literature describe
the saturated densities with fair, but in some cases (cf. Stockmayer models of R23, R32,
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R125, R142b [120]) with excellent accuracy. Nevertheless, in almost all cases, the models
from the present work yield better - often distinctly better — results. As demonstrated
in Figures 24 to 26, the main advantage of the models from the present work over the
models from other authors is their significantly better performance in the description of
the vapor pressure. The mean relative deviation of the vapor pressure from the present
molecular models is often an order of magnitude lower than that of the models from the
other authors.

Table 14: Parameters of 1CLJD, 2CLJ, and 2CLJD models of multipolar fluids from
literature. Mean relative deviation between model data and experimental data
for saturated liquid density and vapor pressure.

Fluid Refs. Model o  ¢/kp L g op op,
A K A D % %

co [402] 1CLJD 3623 1012 - 01117 164 226
co [18] 2CLJ 327m17 42282 1.2760 0 1.30 G648
R22 [180] 2CLJD 3483 15573 2.8247 26320 284 0.44
R23 [120] 1CLJD 4.034 1462 - 22884 077 941
R23  [402] 1CLIJD 4.007 1996 - 1.6205 104 814
R32 [120) 1CLJD 3.900 163.1 - 24248 059 817
R32 [402] 1CLJD 3881 2130 - 19601 063 653
R125 [120] 1CLJD 4.727 166.7 - 30855 0.67 13.2
Rida ([222] 2CLID 3819 1404 2.5587 2.7491 1.11 416
R142b [120] 1CLJD 4.848 2162 - 33675 059 9.49
R142b [222] 2CLJD 3996 1539 26773 3.0807 1.02 14.3
R143a [120] 1CLJD 4559 169.2 - 29607 204 862
Rl43a [402] 1CLJD 4535 2212 ~ 22801 264 684

Rl43a [222] 2CLJD 3793 1298 25413 26164 1.33 26.6
R152a [189] 2CLJD 3661 13120 25190 31397 1.11 3.94
Ri52a [222] 2CLID 3678 1450 24643 26406 1.03 318
R152a [407] 2CLID 3845 1190 19417 27334 187 196

Satisfactory results for the important refrigerant R32 can only be expected from more
elaborate modeling than the simplistic 1CLJD approach chosen here. Such more complex
molecular models of R32 are available in literature [149, 326], which, however, lack in
accuracy in the description of vapor-liquid equilibria. Data from these models are therefore
not shown here. The same is true for a molecular model of R23 also available in [326].

Ft?l‘ the refrigerants modeled in the present work, Figures 27 to 29 compare the en-
thalpies of vaporization from the present molecular models to experimental data. As ex-
?ected. most of the molecular models predict the enthalpies of vaporization very well. Typ-
ically, the relative deviations |6Ahy| = |(Ahy.sim — Ahy eep)/Ahyexp)| Of the enthalpies of
vaporization are below 3%, in some cases even below 1% (for example CO, R142b, R152a).
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Figure 22: Comparison of experimental data of saturated densities to different models:
—— experiment (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2.
e Simulation results from present models; error bars are, if not indicated,
within symbol size. Results from models from the literature (cf. Table 14),
top: v R143a [402], © R143a [120],  R143a [222], o R22 [189)], bottom: OR23
[402], a R23 [120], © R142b [120], v R142b [222}; error bars are indicated, if
data is given in the literature.
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Figure 23: Comparison of experimental data of saturated densitios to different models:
— experiment (cf. Table 37), — — — global correlation, of. C hapter 3.2.2.2.
® Simulation results from present models; error bars are, if not indicated,
within symbol size. Results from models from the literature (cf. Table 14),
top: 0 RI25 [120], & R134a [222], bottom: + CO [18], O CO [402], O R32
[402], & R32 [120], v R152a [407], © R152a [222), o R152a [189).
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Figure 24: Comparison of experimental data of vapor pressures to different models:
—— experiment (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2.
e Simulation results from present models; error bars are, if not indicated,
within symbol size. Results from models from the literature (cf. Table 14),
top: 0 R125 [120], v R152a [407], © R152a [222], o R152a [189]. bottom-
& R134a [222], v R142b [222], o R142b [120].
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Figure 25: Comparison of experimental data of vapor pressures to different models:

— experiment (cf. Table 37), — — — global correlation, ¢f. Chapter 3.2.2.2.
® Simulation results from present models; ertor bars are, if not indicated,
within symbol size. Results from models from the literature (cf. Table 14),
top: 0 R23 [402], o R23 [120]. v R143a [402], © R143a [120], » R143a [222],
bottom: 0 R22 {189), v R32 402), a R32 [120]; error bars are indicated. if
data is given in the literature.
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Figure 26: Comparison of experimental data of vapor pressures to different models:

— experiment (cf. Table 37), — —~ — global correlation, ¢f. Chapter 3.2.2.2.

| ® Simulation results from present models; error bars are, if not indicated,

| within symbol size. Results from models from the literature (cf. Table 14):
+ CO (18], o CO [402].
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Figure 27: Comparison of experimental data of enthalpies of vaporization to present
| models: —— experiment (cf. Table 37), ® simulation results from present
models. Error bars of simulation results are, if not indicated, within symbol
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Figure 28: Comparison of experimental data of enthalpies of vaporization to present
models: experiment (ef. Table 37), ® simulation results from present

models. Error bars of simulation results are, if not indicated, within symbol
size.

In Table 15, exemplarily, experimental data for the critical temperature 7. the critical
pressure p, the critical density p., and the critical compressibility Z., ¢f. Equation (137),
are compared to the results from the present molecular models using results of global corre-
lations. Typical relative deviations between the critical data obtained from the molecular
models and experimental data are about 3% for Pe, and 1-2% for p,. Larger relative devi-
ations for the critical pressure e oceur for fluids that were modeled with the Stockmayer
potential, for example R32, or those that are not well described with the 2CLJD /chJQ
models, for example R23. The 2CLID models from the present work describe the eritical
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Figure 29: Comparison of experimental data of enthalpies of vaporization to present
models: —— experiment (cf. Table 37), ® simulation results from present
models. Error bars of simulation results are, if not indicated, within symbol

size.

temperature T, with excellent accuracy, for example R22, R142b, R23, and R32. In the
case of the 2CLJQ models, the relative deviations between the critical temperature from
the model and the experimental data are typically about 1%. The remaining multipolar
fluids modeled in the present work but not listed in Table 15 describe the critical data
with similar quality, cf. [378].

The present molecular models were tested furthermore at various homogeneous fluid
state points. In Table 16 typical results of these simulations are compared to experimental
data of density p and residual enthalpy 2™ (T, p), cf. Equation (139). Also data points
far from the vapor-liquid equilibrium region are included in the comparison. In most
cases densities from the simulation agree very well with the experimental data. Residual
enthalpies are also well predicted.

Figures 22 to 29 as well as Tables 15 and 16 demonstrate, that the present molecular
models allow accurate simulations of vapor-liquid equilibria of pure fluids with multipolar
molecules and that these molecular models have good predictive power also for thermo-
physical properties in homogeneous fluid states.
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Table 15: Critical properties from the present models of multipolar fluids, cf. Tables 9
and 10, in comparison to experimental data [328].

Fluid T Z

Pe Pe
K MPa mol/l

2CLJQ models, cf. Table 9:

Propyne  exp. 4024 563 6.10 0.275
mod. 407.6 5.96 6.18 0.285
Propylene exp. 3649 4.60 5.52 0.274
mod. 3681 4.90 543 0.295

2CLJD models, ¢f. Table 10:

CO exp. 1328 3.49 10.85 0.292
mod. 1328 341 10.96 0.282
R22 exp. 369.3 4.9 6.06 0.268
mod. 3693 4.87 5.95 0.267
R23 exp. 2991 4.84 7.50 0.259
mod. 2991 431 7.45 0.232
R32 exp. 3513 b5.78 8.15 0.243
mod. 3513 4098 8.09 0211
R113 expy 4872« 3.39 2.99 0.280
mod. 4921 350 3.03 0.282
R114 exp. 4188 3.26 3.39 0276
mod. 4214 3.30 3.36  0.281
R115 exp, 3531 312 397 0.268
mod. 3549 3a7 3.82 0.281
R125 exp. 3392 362 4.78  0.269

mod. 3404  3.60 4.72  0.270
R134a exp. 3742 4.06 5.02 0.260
mod. 3753 4.02 498 0.259
R142b exp. 4103 407 444  0.269
mod. 4103 3.85 436 0.259
R143a exp. 3459 3.76 5.13 0.255
mod. 347.8 3.88 5.11  0.263
R152a exp. 3864 4,52 5.57 0.252

mod. 3883 4.55 5.56 0.254
= o e ] 9w Veod
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Table 16: Results from NpT simulations with the present 2CLJD models of multipolar
fluids, cf. Table 10, at various homogeneous fluid state points and comparison
to experimental data [328]. Numbers in parenthesis are uncertainties of the

last digits.

Fluid T D p s
K MPa mol/1 J/mol
cO 99 0.1 exp. 01242 -52
sim.  0.12464 (0) -57.4 (13)
99 =19 exp. 26.616 -5404
sim. 26571 (11) -5382 (2)
99 60 exp. 29.990 -4331
sim.  30.040 (6) -4338 (2)
400 1 exp. 0.2999 -35
sim. 030006 (0)  -37.5 (16)
400 10 exp. 29020 -294
sim.  2.8062 (14)  -269.2 (20)
400 60 exp. 12.844 -361
sim. 12.678 (6) 202 (4)
R13 226 0.1 exp. 0.0544 -144
(CFaCl) sim. 005502 (0)  -168.4 (51)
226 10 exp. 13.677 -14152
sim. 13636 (6) -14004 (7)
226 30 exp. 14.337 -13457
sim, 14375 (6) 13427 (7)
403 3! exp.  (0.3086 -405
sim. 03098 (4)  -436.6 (40)
403 10 exp. 4.1312 -4606
sim. 4002 (10) -45490 (15)
403 30 exp. 9.1263 -7636
sim. 9.034 (11) -7637 (13)
R41 238 0.1 exp. 0.0516 -154
(CH3F) sim. 005210 (0)  -159.2 (51)
238 10 exp. 23.587 -15180
sim. 23.426 (11) -15951 (8)
238 50 exp.  25.370 -14436
sim, 24075 (8) -15248 (D
490 1 exp. 02488 -256
sim. 02498 (18)  -262.3 (31)
490 10 exp. 2.8018 -2513
sim. 27505 (30) 2129 (8)
490 50 exp. 13.381 -7281

Sfm. 12591 (14) 6738 (12)
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Table 16: continued.

Fluid i p P k=
K MPa mol/1 J/mol
R143a 258 0.1 exp. 0.0480 -233
(CH3—CF3) sim. 004856 (0)  -272.6 (55)
268 10 exp. 13.199 -17657
sim. 13199 (7) -18094 (10)
258 60 exp. 14471 -15740
sim. 14.565 (5) -16294 (8)
610 1 exp. 0.1990 -286
sim, 020030 (0)  -352.4 (GO)
610 10 exp. 2.1060 -2694
sim. 20977 (29) -2666 (11)
610 60 exp. 84521 -6108
sim. 81768 (64) -6098 (13)
R152a 289 0.1 exp. 0.0426 -211
(CHa—CHF,) sim. 004313 (0)  -2435 (71)
280 10 exp. 14370 -19994
sim, 14260 (7) -20018 (8)
289 50 exp. 15.463 -18689
sim. 15380 (5) -18757 (9)
495 1 exp. - 0.2513 -549
sim, 02535 (4)  -605.5 (64)
495 10 exp. 3.5545 -6109
sim. 3534 (11) -5068 (23)
495 50 exp, 10.843 -11673

sim, 10611 | (8) -11511 (15)

4.4 Discussion of the Model Parameters

The parameters of the 2CLIQ/2CLJID models developed in the present work were ad-
Justed to vapor-liquid equilibrium data only. No direct information on polar momenta or
molecular geometry was included. It is therefore interesting to compare the results for
the parameters @, u, and L to experimental data of quadrupole and dipole momenta and
aton-atom distances. It is ovious that no exact matches can be expected from such a com-
parison. For example real polar momenta of molecules are state dependent, whereas in the
present work effective state independent polar momenta are used. which were determined
from vapor-liquid equilibrium data and, hence, reflect mainly liquid phase properties.
Table 17 shows that for the diatomic fuids fluorine, chlorine, bromine. iodine, oxyeen,
and nitrogen and for carbon dioxide, carbon disulfide, ethyne, and propadiene the paraim-
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Table 17: Comparison of the model parameter @ to experimental data for the quadrupole
momentum Qexp.  For CoHy values of [Qup| are obtained through @2, =
2/3(Q2on+ Doy orp + Qinern) [T WitE O s O o, O o ool (1220

Fluid @] |Qexp] Refs.
DA D

F, 0.89 0.45-1.5 [132]

Cl 424 32355 [137]

Br, 490 478 [132]

I, 5.66 5.61 [132]

N, 144 1.39-1.6,0.8-2.05 [132, 431]
0, 081 04.0.321.90 [132, 431]
CO, 3.79 1.64-4.87, 2.5-59 (132, 431]
Cs, 390 1868 [132]
C,He 0.83 041-32,03075 [132, 431]
C,H, 433 3.05-3.90. 1.3-40 [132, 431]
CyHa 507 3.0-84 [132]
Propadiene 5.16 4.17-7.3 [132]

eter @ is within the range of experimental quadrupole momenta. In the case of cthene,
the parameter Q is only about 8 % higher than the largest value of the experimental
quadrupole momentum.

For the diatomic fluids fluorine, chlorine, bromine, iodine, and nitrogen the parameter
L agrees within 5 % to the experimental atom-atom distances, ¢f. Table 18. The pa-
rameter L of further quadrupolar molecules may conveniently be compared to their real
geometries, cf. Table 18. For this purpose, average atom-atom distances are considered.
For example, the distance of the sulfur atoms in carbon disulfide is about 2 -1.56 A=312
A [204]. ¢f. top of Figure 30. The parameter L = 2.6809 A of carbon disulfide has to be
smaller than the sulfur-sulfur distance, as each of the Lennard-Jones sites in the 2CLJQ
model has to account for one sulfur atom but also for “half” a carbon atom. In the case
of ethyne, the carbon-carbon-distance of 1.36 A [204] is close to its parameter L = 1.30 A
For the planar geometric halogenated ethene derivatives similar considerations are possi-
ble. For example, by basic geometric calculations (cf. bottom of Figure 30) the average
elongation of perfluoroethene can be estimated to [C=C| + |C~F| - cos (LFCF/2) = 1.31
A 4+ 131 Acos (114°/2) = 2.02 A [204] which compares fairly well to its parameter
L =2.2394 A In these considerations, carbon-hydrogen distances are not regarded, but
carbon-halogen distances are taken inte account. as the influence of bonded hydrogen
atoms on the position of Lennard-Jones sites can be neglected, whereas the influence of
bonded halogen atoms is important.

For ethane an acceptable description of the vapor-liquid equilibria could only be ob-
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‘ Table 18: Comparison of the model parameter L to experimental data of bond geometry.

Fluid L  Bond geometry Refs.
, A

I 1ith F2 1413 F-F: 1435 [204]
|l Cly 1.982 CLCl: 2.00 [204]
[t Br, 2178 Br-Br: 2.28 [204]
I ! I 2678 J-J: 2.66 [204]
il N. 1046 N=N: 1.0975 (389]
il 0; 0.970 0-0: 1.208 [389]
il CO, 2418 C=0:115 [204]
‘:u‘l ‘\ CS; 2681 C=S; 156 [204]

‘ CoHs 2.376 C-C: 155, C-H: 109  [204]

il C:H, 1.260 C=C:1.33 C-H:1.06 [204]

(A8t 1 CoH, 1300 C=C: 1.205, C-H: 1.06  [204]

C.Fs 2725 C-C: 157, C—F: 136, [204]

A bond angle FCF: 108°

| | CF, 223 C=C:131,CF:131, [204]
bond angle FCF: 114°

C,0la 2652 C=C:138, C-CL 171, [204)

bond angle CICCl: 116°

tained, when high numbers for either the parameter Q or the parameter L were accepted.

The 2CLJQ potential model used in this work has no internal degrees of freedom. The
_ unphysical values for these two parameters are needed in order to compensate for the
filit energy stored in conformation changes of the methyl groups in real ethane molecules, that
substantially influence the thermodynamics of fuid ethane. In the present work, a high
value for the parameter L was accepted, thus arbitrarily representing mechanical energy of
internal conformation changes by mechanical energy of external rotation of the molecule.
The present parameter L = 2.3762 A of ethane is considerably larger than the experi-
mental carbon-carbon distance of 1.53-1.55 A [204]. which was used in the OPLS [164];
TraPPE [254], and TraPPE-EH (48] force field parameters for ethane. The parvameter Q
of the present 2CLJQ model of ethane is in agreement with the experimental quadrupole
momentum within the experimental uncertainty, cf. Table 17.

When average atom-atom distances are considered as described above, also the elon-
gation L = 2.7246 A of the perfluoroethane molecule with intramolecular rotation is over-
sized.

In analogy to the 2CLJQ modeling of ethane and perfluoroethane, large parameters
L, ie. reduced elongation L* typically higher than 0.9, were accepted for the modeling
of halogenated ethane derivatives among the fluids with multipolar molecules in order o
compensate for neglecting the intramolecular rotation.
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Figure 30: Bond lengths and molecular geometry for carbon disulfide and perfluo-
rocthene, cf. Table 18.

In general, the parameters u of the present 2CLJD models for fluids with multipolar
molecules are larger than the corresponding experimental gas phase dipole momenta fe,.
This may be explained by the fact, that the parameter g must account for polarization
effects in the liquid phase, where dipole momenta are usually higher, and that the dipole
often has to compensate for higher polarities that were not modeled explicitly. In some
cases, fair to good agreement between p and exp can be observed, for example for R41
(£=1.89 D, pep=1.98 D [328]), R143a (u=2.75 D, pexp=2.34 D [328]), R152a (u=2.74 D,
Mexp=2.26 D [328]), CH3Cl (u=2.02 D, Hexp=1.8 D [321]), CH3Br (¢=1.85 D, ptexp=1.81
[67]). and CHF=CH, (4=1.66 D, prexp=1.43 D [67]).

The modeling of carbon monoxide with a two-center Lennard-Jones based model is
reasonable. Carbon monoxide is slightly dipolar, Hexp = 0.1 D, and has a quite strong
quadrupole momentum Qexp = 2 DA [132]. In Table 10 a 2CLJD model is given for carbon
monoxide. It gives slightly better results than the also very accurate 2CLJQ model given
in Table 9, whose parameter @ is close to Qexp. As expected, the parameter p of the
2CLJD model is higher than pe.,. However, in both cases, the model parameter L is very
close to the C-O bond length of 1.128 A, of. [64].

In the following, a brief discussion of the physical interpretation of the size parameters
o and the energy parameters ¢ is given.

Generally, for larger groups of bonded atoms in molecules larger numbers for o can be
expected, as is seen by a comparison of the size parameters o of ethene, perfluoroethene,
and perfluoroethane, of. Table 8. In the case of the noble gases neon, argon, krypton,
and xenon or the halogens fluorine, chlorine, bromine, and iodine the values for o increase
with the molecular mass. This finding corresponds to the increase of van der Waals’ radii
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from top to bottom in the periodic table of elements. Similar rules apply to asymmetric
multipolar molecules. The parameter o increases for example in the following series, where
the size and number of bonded halogen atoms increase: R152a, R143a, R134a. R125,
R142b, R141b, R123, R115, R114, R113, or in the series R41, CH3Cl, CH;Br. CH;l, or
in the series of Stockmayer models for R32, CH,Cly, CH;Brs, CH,ls, of. Table 10.

For the noble gases and the halogens also the values for £ increase with increasing
molecular mass, cf. Table 8. This finding corresponds to the empirical rule, that van der
Waals dispersion forces increase with the size of the molecule. Also in the above mentioned
series of Stockmayer models a steady increase of the parameter ¢ is observed.
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5 Molecular Models of Ethylene Oxide and Methanol

The approach for optimizing molecular models developed in the previous chapters and
used for 2CLJQ/2CLJD models is useful only in the case of one or two adjustable model
parameters. Such grid based optimizations of molecular models become computationally
too expensive for higher numbers of model parameters. For most real fluids, however,
a higher number of model parameters is needed. Other routes than that proposed in
the previous chapters are needed for the systematic and efficient optimization of such
molecular models.

In this chapter, effective molecular models for the accurate description of the vapor-
liquid equilibria of ethylene oxide (CoH40) and methanol (CH3;OH) are developed, that
are compatible with the previously developed 2CLJQ/2CLJD models. A fast converging
optimization method is applied for that purpose, ¢f. Appendix I. Ethylene oxide and
methanol were ideal candidates for continuing the work on molecular modeling of low-
molecular real fluids. Both are important basis chemicals. From the modeling point
of view, they are examples for more complex real fluids, that need tailored molecular
models, whose parametrization yet still allows the transfer of knowledge gained in the
2CLJQ/2CLJD modeling approach.

In the case of ethylene oxide, a rigid, effective, non-polarizable molecular model con-
sisting of three Lennard-Jones sites plus a central point dipole is constructed. Using
molecular structure data and results from the previous modeling of classes of real fluids,
the number of model parameters which have to be optimized is reduced to three.

The model of methanol is an asymmetric, rigid, effective, non-polarizable two-center
Lennard-Jones model with partial charges, that, as described in Chapter 2.1, account for
polarities and hydrogen bonding. The methanol model developed here can be considered
as an optimized version of the model proposed in [404]. Similar to ethylene oxide, also for
methanol three model parameters were subject to optimization.

Results for the new models are presented in Chapters 5.1 and 5.2.

5.1 Ethylene Oxide

The ethylene oxide molecule consists of two CHg-groups, bound to each other directly
and via an oxygen atom. This bonding situation allows only little intramolecular tor-
sion, therefore a rigid molecular model is adequate. Applying the united-atom modeling
approach. each CH,-group and the oxygen atom were modeled by a Lennard-Jones inter-
action site, cf. Figure 31. This basic structure leads to six model parameters Iy, lz, dca,,
EcH,. 0, and eg. The interaction of the Lennard-Jones sites is described in Appendix A.1.

Several alternatives are possible for modeling the multipolarity of the molecule, caused
by the polarity of the C—O-bonds, among those are: several partial charges; a point dipole
along the axis @ (cf. Figure 31) plus a point quadrupole parallel to the axis b, both
located in the center of mass; a single point dipole along axis a, located in the center of
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Figure 31: Structure of the molecular model of ethylene oxide.

mass; a single point quadrupole along axis b, located in the center of mass. Due to the
neutrality of the molecule, point charges would involve a single parameter. if they were
placed on the locations of the Lennard-Jones sifes, and they would model the multipolarity
in detail. However, the use of partial charges is considered here more appropriate for
hydrogen bonding substances, cf. the modeling of methanol in Chapter 5.2. Moreover,
the calculation of the configurational part of the chemical potential for models with partial
charges requires high efforts, that should be avoided whenever possible. The results from
the 2CLIQ/2CLID-modeling indicate, that a single point dipole located in the center of
mass should be sufficient for modeling the multipolarity, and was therefore chosen here,
cf. Appendix A.3 for the interaction between point dipoles. The model then has seven
parameters Uy, by, ocu,, EcH,, 00, £0, and the dipole momentum pu.

For a reasonable optimization, the number of adjustable model parameters had to be
reduced. Experimental data on the molecular structure [204] was adopted to specify the
geometry parameters & = 1.56 A and [, = 1.22 A. This direct use of the geometric data
is motivated by the results for the 2CLJQ models discussed in Chapter 4.4. The Lennard-
Jones parameters for the CHp-groups, ocn, and egg,, were optimized, whereas those for
the oxygen atom, oo and &g, were coupled to them by constant factors f, and f:

0o = fr-0cm,, (140)
EG =1 fr e, (141)

that were set equal to the proportions of the Lennard-Jones size and energy parame-

fl(‘ar;]re:ulting from the 2CLIQ-maodeling of ethylene (CH, = CH,) and oxygen (O), of.
able 8,

o (142)
O Ethylene
e d (143)

€ Ethylene
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The dipole momentum p was subject to optimization, as, according to the 2CLID-
modeling, model dipole momenta are essentially higher than dipole momenta measured in
the gas phase (1.89 D for ethylene oxide [204]).

Correlations of experimental data of the saturated liquid density [67] and the vapor
pressure [329] were used for the optimization of OCHy; £cH,, and pg. The vapor-liquid
equilibria were calculated with the NpT+Test Particle Method deseribed in Chapter 2.5.1,
based on molecular dynamics simulations and the test particle insertion method, cf. Chap-
ter 2.4. All molecular simulations were performed with 864 particles and cut-off radii of
18.8 A. After each time step, 1,728 test particles were inserted in the liquid phase, and
8064 test particles were inserted in the vapor phase. The fluids were equilibrated over 5,000
time steps, and sampling was done over 150,000 time steps, the time steps was 4.696 fs.

The critical data of ethylene oxide are Teoxp =469.15 K, prexpy = 7.194 MPa,
Peexp = 7-128 mol/1 [67]. For the optimization, vapor-liquid equilibria were calculated
for temperatures from 290 K up to 440 K, i.e. between about 60% and about 95% of
Tc,a‘;p-

Vapor-liquid equilibria of the optimized model (ocm, = 3.5673 A, 0o = 2.9464 A,
ecu,/ks = 86.3938 K, e0/kp = 48.4823 K, i = 2.5703 D) are shown in Table 19 and Figure
32. The optimized model describes the vapor pressure p, and the saturated liquid density
#' with mean relative deviations according to Equations (135) and (136) of dp, = 6.5 %

Table 19: Comparison of experimental data [67] of vapor pressure, saturated liquid den-
sity, and enthalpy of vaporization to results from the optimized molecular
model of ethylene oxide. No experimental data is available for saturated vapor
densities. The numbers in parentheses indicate the uncertainties of the last

digits.

r Posim Poexp p:;im Pexp Psim ARy sim Ah’vﬂp
K MPa MPa mol/1 mol/l  mol/l kJ/mol  kJ/mol
200 0130 (13) 0130 19.8523 (50) 10.842 0.0573 (38) 24.778 (54)  25.37
302.5 0223 (13) 0.203 19.4401 (50) 19.435 0.09 (14) 23.852(55) 24.69
315 0286 (21) 0.335 19.0200 (60) 19.015 0.118 (11) 23823 (59) 23.98
327.5 0479 (22) 0443 185912 (66) 18.614 0200 (11) 22823 (71) 23.23
340 0647 (19) 0625 181180 (78) 18.125 0.2633 (94) 22221 (73) 2243
352.5  0.820 (25) 0.880 17.6606 (88) 17.593 0.325 (12) 21555 (78)  21.59
365 1146 (31) 1153 171720 (92) 17.153 0458 (16) 20552 (82)  20.69
377.5 1409 (39) 1516 16.609 (10) 16,627 0551 (21) 19.741(87) 19.71
390 1.958 (20) 1.057 16.088 (13) 16065 0.796 (17) 18472 (%6)  18.65
4025 2393 (46) 2.533 15469 (14) 15459 0968 (29) 17.469 (97) 1748
415 3045(34) 3223 14789 (16) 14.793 1.283 (25) 1601 (12) 1617
427.5 3743 (41) 3.783 14.040 (19) 14.043 1635 (37) 1451 (34) 1465
440 4718(38) 4.697 13216 (23) 13.162 2.249 (39) 125 (16) 12.81
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Figure 32: Comparison of experimental data of saturated densities (top) and vapor pres-
sure (bottom) to simulation results for ethylene oxide. —— Experiment [67].
® Simulation with optimized molecular model. — — — Correlations of simu-
lation results. Error bars of simulation results are, if not indicated, within
symbol size.

and 0p' = 0.17 %. The somewhat high mean relative deviation of the vapor pressure is
due 0 the scattering of the simulated vapor pressure data. Nonetheless, the vapor pres-
sure is described with good accuracy, as shows the smoothening correlation of the vapor
pressure data in Figure 32. The deseription of the saturated liquid density is excellent.
Moreover, the eritical temperature T, = 468.43 K. critical density p. = 7.2:11 mol/l, and

critical pressure p; = 7.170 MPa of the optimized model are very close to the experimental
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critical data. Also the enthalpies of vaporization, ¢f. Table 19, are described within 3%.

5.2 Methanol

The methanol molecule consists of a CHz-group bound to an OH-group. It is multipolar
and hydrogen bonding.

In the works of Walser et al. [424] and van Leeuwen and Smit [404] overviews on
molecular models of methanol are given, and new three-site united-atom models with
point charges are presented. In the present work, the model of methanol developed by
van Leeuwen and Smit [404] for the description of vapor-liquid equilibria, here referred to
as model M, is used as initial model for optimization.

The effective, rigid, united-atom model My consists of two different Lennard-Jones
sites that model the methylene group CHj, with the parameters ocm, = 3.740 A and
€cny /K = 105.2 K, and the oxygen atom, with the parameters oo = 3.030 A and e /kp =
86.5 K, cf. Figure 33. Two point charges, gcn, = 0.265 € and go = ~0.7e, are located di-
rectly on the Lennard-Jones sites, another one, gy = 0.435¢, that models the H-atom,
is located acentrically. For intramolecular bond lengths and bond angles van Leeuwen
adopted the experimental gas phase values leg,_o = 1.4246 A, lo_g = 0.9451 A, and
OcH;-0-8 = 108.53°.

The interactions between Lennard-Jones sites are described in Appendix A.1, and the
expressions for the interactions between sets of point charges are given in Appendix A.4.

lens-o
=
|

=

. Lennard—Jones site O
Lennard—Jones site CH;

Figure 33: Structure of the molecular maodel of methanel.

Van Leeuwen and Smit [404] calculated vapor-liquid equilibria of the model My by
the means of the Gibbs Ensemble Monte Carlo simulation technique with 216 molecules,
handling the long-range corrections of the partial charges with Ewald summation [114].
The results of van Leeuwen and Smit, of, Figure 34, though subject to large scattering,
show a good agreement with the vapor-liquid equilibrium data for methanol.
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For a clearer view on the performance of the model M, vapor-liquid equilibria with
very small statistical uncertainties were calculated in the present work by the means
of the NpT+Test Particle Method based on accurate data of the configurational part
of the chemical potential in the liquid phase from the gradual insertion method. The
configurational part of the chemical potential in the vapor phase was calculated with
the test particle insertion method. Technical details of these simulations are given in
Appendix C.3.

The present results for model M) are given in Table 20 and are shown in Figure 34.
Compared to the results of van Leeuwen [403], the present statistical uncertainties of the
vapor pressure and the saturated liquid density are about an order of magnitude lower.
Therefore, the vapor-liquid equilibrium data from the present work allow a reevaluation
of the performance of model M. The model M, yields already a good description of the
vapor-liquid equilibria of methanol. The mean relative deviation of the vapor pressure
according to Equation (136) is dp, = 7 %. However, for temperatures above 370 K the
saturated liquid densities are somewhat too low, therefore the mean relative deviation of
the saturated liquid density according to Equation (135) is 77 = 2.6 %. Consequently, the
critical temperature T, g, = 509.8 K of model M obtained from correlation of present
saturated density data with Equations (123) and (124), is lower than the experimental
value T; o, = 512.6 K [321].

The very low statistical uncertainties of the vapor-liquid equilibria obtained in the
present work allow the fine tuning of the parameters of the model My by the means of
the method deseribed in Appendix I. The aim is to obtain a more accurate description of
the saturated liquid density and a critical temperature closer to the experimental value.

For that purpose, the parameters ocn,, cn,. and gon, were subject to optimization.
Note, that the electroneutrality of the model requires the adjustment of go, if gom, i
modified. Parameters related to the OH-group, whose interactions strongly influence
thermodynamic properties, were retained, as this work goes only for small and controllable
changes of thermodynamic properties. In order to keep the number of adjustable model
parameters low, the bond lengths and the bond angle were retained. Note, that in light
of the experience gained in the rigid 2CLJQ modeling of ethane (CHs —CH,), retaining
the C—0O bond length should be considered critically. In both cases, a rigid model is
used for molecules with relative intramolecular torsion of molecular groups. In the case
of the ethane molecule, the C—C bond allows relative intramolecular torsion of the two
CHs-gT?UPS- Consequently, for obtaining good accuracy of vapor-liquid equilibria, the
clongation of the rigid 2CLJQ model of ethane had to be essentially larger than the real
_C_C bond length. In analogy, the C—0 bond of the methanol molecule allows relative
intramolecular torsion of the CHs- and the OH-group. Hence, this analogy would justify

to choose the distance of the two Lennard-Jones sites in the rigid methanol model larger
than the real C—0 bond length.

The optimization yielded the model M. (ocn, =3.7527 A, ecy,/ks = 11781 K,
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gcr, = 0.25174¢), cf. Table 20 for the vapor-liquid equilibrium data. As can be seen
in Table 20 and in Figure 34, the model M, describes the saturated liquid densities
with better accuracy (3p = 0.56 %) than model M. Hence, the critical temperature
of model M, (T, = 511.6 K) is closer to the experimental value. The reduction of the
mean relative deviation in the representation of the liquid density of about a factor of four
was, however, only possible at the expense of a slight increase of the mean relative devia-
tion in the representation of the vepor pressure by about 20% (p; = 9.9 %). The slightly
larger deviation of the vapor pressure of model My, from experiment is still tolerable.
A better description of the vapor pressure without loosing quality in the description of
the saturated liquid densities could not be obtained. Due to the analogy discussed above,
subjecting also the C—0O bond length to optimization might be a good starting point for
achieving a more accurate representation of the vapor pressure. It was, however, not in
the scope of the present work to handle another parameter for that purpose. Therefore,
model Moy was accepted as model of methanol that describes saturated liquid densities
with very good accuracy.

Table 20: Comparison of experimental data [78] of vapor pressure and saturated liquid
density to results from the molecular models M, and M, opt Of methanol. No
experimental data is available for the saturated vapor densities. The numbers
in parentheses indicate the uncertainties of the last digits.

T Pasim Bo.exp p:u’m p:zxp pgim pgxp
K MPa MPa  mol/l mol/l mol/l mol/l
M,

350 0.1575 (23) 0262 22.902 (17) 22.995 0.056 (1) 0D.060
375 03647 (70) 0375 21.970(20) 22152 0134 (2) 0.134
400 0792 (24) 0774 21.007 (18) 21.206 0.296 (11) 0.273
425 1466 (49) 1456 19.747(29) 20106 0.547 (43) 0.524
450 2.555 (84) 2.543 18274 (34) 18.765 0.85 (12) 0.963
465 3.32 (15) 3.446 17.137 (51) 17.782 095 (30) 1357
480 520 (13) 4571 16006 (80) 16.575 2.39 (16) 1.913
490 617 (70) 5473 1480 (46) 15544 57 (37) 2512

Mupt

5 00504 (19) 0060 23.761(23) 23.773 0.0197 (11) 0023
5 0.2315(37) 0272 22463 (19) 22499 0.0839 (14) 0.098
405 0833 (34) 0.884 20810 (25 21.000 0306 (17) 0.312
445 2128 (56) 2287 18.946(37) 19.059 0.786 (25) 0.856
475 307 (13) 4169 16823 (78) 17011 171 (12) 1.699
490 547 (31) 5473 1560 (14) 15544 273 (32) 2512
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Figure 34: Vapor-liquid equilibria of methanol: relative deviation of simulation data
(sim) to experiment [78] (exp). Top: saturated liquid density. Bottom: vapor
pressure. Symbols for simulation data: o data from [403] with model Mo,
e this work with model My, A this work with model M, opt- Error bars of
simulation results are, if not indicated, within symbol size.

In Table 21, densities of methanol in the homogeneous liquid phase obtained from the
models My and M are compared to experimental data [78]. It can be seen, that the
model M, describes the liquid densities with slightly better accuracy than the model
M. The simulation data results from NpT Monte Carlo simulations with 864 molecules,

cut-off radius 17.5 A, 50,000 Monte Carlo loops for equilibration, 200,000 Monte Carlo
loops for data production.
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6 Molecular Models of Mixtures

The application of molecular simulation to the description of vapor-liquid equilibria of real
fluid mixtures requires compatible molecular models of the pure components. Obviously,
the set of molecular models of pure real fluids developed in the present work is an excel-
lent basis for the development of molecular models of a large number of real mixtures.
Molecular models of 45 unlike interactions in real mixtures were developed in the present
work. In this context, the literature survey in Table 22, that lists publications on ther-
mophysical properties of real fluid mixtures from molecular simulation. shows. that the
present work is the broadest one on molecular simulation applied to real fluid mixtures.
The present work demonstrates, that molecular simulation is a powerful predictive tool
for the description of thermophysical properties of real fluid mixtures.

Without considering real fluids, thermophysical properties of hypothetical binary and
ternary mixtures of Lennard-Jones fluids were investigated in pioneering work [360, 361].
Such fluids are still commonly used to validate or apply new simulation methods [15,
23, 38, 39, 40, 142, 202, 203, 231, 324, 421]. Further authors investigated properties of
mixtures of polar fluids [121, 342], or of polar and unpolar fluids [308], or focus on effects of
three-body interactions or effects in ternary mixtures [341, 344]. Morcover, some authors
studied such fluids to investigate mixing rules [49, 271, 396, 411]. or vapor-liquid interfaces
[267]. Simulation data for binary mixtures of 2CLJ and 2CLJQ fluids were used for the
development of an equation of state [288].

Table 22 is related to molecular modeling of real mixtures. It shows, that most work
was done on mixtures of a relatively narrow set of fluids — typically noble gases. methane,
oxygen, nitrogen, carbon dioxide, n- and branched alkanes, methanol, and water. In
many cases, the application of molecular simulation to real mixtures was aimed at the
validation or comparison of molecular simulation methods, cf. [198, 218, 226, 398, 399,
446]. Other authors focused on the extension of molecular simulation methods to complex
mixtures, ¢f. [26, 89], or applied molecular simulation to improve the understanding of
particular mixtures, for example carbon dioxide + alkane/perfluoralkane [65]. Further
works answered to the need of more accurate molecular models [47, 48, 73, 91, 295, 297,
323, 325, 331, 416, 434], or validated the predictive performance of existing molecular
models, cf. [41, 42, 70, 71, 196, 246, 412]. A systematic study of phase equilibria from
molecular simulation is available for alkanes [76].

Many of the results published in these works are in good agreement with experimental
data, cf. for example [41, 42, 76, 198, 226, 218, 295, 325, 331, 416, 446), however, often large
‘systemat.ic deviations to experimental data, particularly of the liquid phase composition
in calculations of vapor-liquid equilibria, are observed [47, 65, 70, 73, 76, 325]. Two causes
for such deviations are discussed in literature: il
o I)(111)1-ET{11:; (;:sla:;u;acy of pl:ll'.e fluid mod'el.s. Accurz?,te .:a.nd physically meaningful models

prerequisite for obtaining quantitative results for mixtures.
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6.1 Unlike Interactions b

(ii) The inadequacy of combining rules, cf. Chapter 6.1. The predictive qualities of
different combining rules and their modification by the introduction of binary interaction
parameters are controversially discussed in literature (63, 72, 323, 371]. but no particular
combining rules are presently generally accepted or generally ruled out, though Table 22
underlines, that the Lorentz-Berthelot combining rules are preferred by most authors.

Starting from the pure component models, the unlike Lennard-Jones interactions are
modeled in the present work on the basis of the Lorentz-Berthelot combining rules, which
are known to give good results in many cases [41, 42, 325]. Predictions of vapor-liquid
equilibria from pure component data alone are studied, as well as the adjustment of
one parameter in the energetic term of these combining rules to binary data. For that
adjustment, a simple and efficient procedure is proposed. An alternative approach followed
by some authors, for example [325], is to determine parameters of pure fluids by including
binary data in the model development. This route allows to avoid the introduction of
binary parameters for certain classes of mixtures, for example alkanes, but is not generally
applicable.

Throughout this chapter. results from molecular simulation are compared to results
from the Peng-Robinson equation of state [316]. In some cases, also results from the
PC-SAFT equation of state [133] and the BACKONE equation of state [287. 430] are

shown.

6.1 Unlike Interactions

On the basis of compatible molecular models of pure fluids, molecular modeling of binary
mixtures of components a and b reduces to modeling the unlike interactions between
unlike molecules. The electrostatic interactions between guadrupoles, dipoles, or point
charges are physically defined. cf. Appendices A.2 to A.6, and, therefore, do not require
any particular modeling. For the description of unlike Lennard-Jones interactions, the
unlike Lennard-Jones interaction parameters o, and £, have to be determined from the
parameters of the pure fluid models by the means of combining rules, like the Lorentz-
Berthelot rules [12, 232, 250], the OPLS rules [164], the Kong rules [187], the Waldman-
Hagler rules [423], or the Fender-Halsey rules [98]. As shown in Table 22, the Lorentz-
Berthelot combining rules are generally preferred, and are used here as basis for the
determination of o, and e,

o = (0a+00)/2, (144)
e S (149)

Despite the simplicity of the effective molecular models developed in the present work,
predictions based on Equations (144) and (145) are already in reasonable agreement with
experimental data in many cases, as shown in the following chapters. The agreement with
“xperimental data can be improved by introducing binary interaction parameters 1 and §
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into Equations (144) and (145)

o = 0 (0a+a)/2 (146)
R (147

as was shown by Fischer et al. [109], and Vrabec and Fischer [415, 416] for the mixtures
argon + methane, methane + carbon dicxide, methane + ethane, and ethane + carbon
dioxide. These authors proposed to adjust £ and 7 to molar excess enthalpies and
molar excess volumes. In all cases they found that the value of 7 was very close to
unity. Accordingly, Kronome et al. [198], published vapor-liquid equilibria of the mixture
nitrogen + ethane obtained from molecular simulation with n = 1 and with £ = 0.9841
adjusted to experimental vapor-liquid equilibrium data.

Consequently, it was considered reasonable in the present work to assume throughout

n=1 (148)

For each unlike Lennard-Jones interaction the value of £ was obtained from fitting the
equilibrium pressure of the model mixture to the experimental equilibrium pressure of a
single state point. This approach was chosen based on results from a case study, in which
for several isotherms and mixtures at given liquid phase compositions z, the sensitivities of
the equilibrium pressure p and of the vapor phase composition y to variations of £ around
unity were investigated. It was found in all cases that the equilibrium pressure decreases
almost linearly with increasing £, whereas the vapor phase composition shows only little
sensitivity to variations of £. This behavior was exploited to determine the value of §. For
this purpose, at a selected experimental vapor-liquid equilibrium state point (p. 7,2, ¥)ep
for each binary mixture, the vapor pressures for three different values of £ close to unity
were calculated. A linear fit p(€) = a - € + b was sufficient to describe these three data
points with goad accuracy. The value of £ was then obtained from equating that fit to the
experimental value of the equilibrium pressure pe,. Criteria for choosing the experimental
state points for the adjustment of £ were: preferably equimolar liquid mixture and medium
temperature.

Altogether. models for 45 unlike Lennard-Jones interactions in fluid mixtures were
developed. The experimental data chosen for the adjustment of & and the resulting value
of £ are given in Table 23 for fluid mixtures of unpolar or quadrupolar components and
in Tables 24 for fluid mixtures containing multipolar components. Data for mixtures con-
taining the multipolar component propylene is discussed separately in Chapter 6.3.1. The
Tvvork on mixtures containing multipolar components is focussed on cases that are interest-
mg for industrial applications, like mixtures containing carbon monoxide or refrigerants.
Mixtures, for which no ar poor experimental data was available, were not considered in the
present work. It is important to note, that the modeling of unlike interactions in mixtures
containing tetrafluoromethane or tetrachloromethane, that were unphysically modeled as



6.1 Unlike Interactions Lk

Table 23: Binary interaction parameter § for mixtures of unpolar or quadrupolar compo-
nents. Experimental data point (exp) used for the adjustment of € and result
for that data point from simulation (sim) with adjusted €.

Mixture (142) 3 T T1.exp Pexp Psim Wexp Y1.sim Ref.
K mol/mol MPa MPa mol/mol mol/mol
Ne + Ar 0854 110.78  0.145 122 12 0.828 0.836  [379]
Ne + Ny 0.945 8270  0.122 405 390 0.923 0.916 [33]
Ne + 0y 0.921 110.39 0.159 14.0 14.2 0.848 0.855  [380]
Ne + CO; 1.124 27315  0.038 884 884 0.445 0466 [350]
Ar+ Kr 0.989 88.06  0.647 0.083 0075 0978 0995  [351]
Ar + CH,4 0.964 123.05 0.448 0.811 0.833 0.808 0.793 [355]
Ar + N, 1.008  84.50 0.521 0.150 0.144 0.280 0.287 [212]
Ar+ 0, 0.988 104.95 0.500 0.440  0.436 0.546 0.549 [57]
Ar + CO, 0.999 25315  0.095 6.14 596 0.548 0572  [168)
Kr + Xe 0.989 200.64  0.463 2.07 sl AL 0.787 6.813 6]
Kr + CH, 1.005 115.77 0.532 0.107 0.108 0.375 0.367 [37]
Kr + 0, 0.979 100.80  0.500 0297 0203 0076 0084  [97
CHy + CO; 0.962  230.00 0.318 5.57 5.61 0.764 0.769 [68]
CH; + C;Hg 0.997 172.04 0.504 1.24 1.16 0.966 0.985  [433]
CH; + C,H, 1.022 16000  0.476 0.851 0853 0954 0.955  [273]
N2 + CH,4 0.958 140.00  0.301 219/ 9o 0.685 0.702  [170]
N2+ O 1.007  105.00 0.500 0.743 0.734 0.702 0.707 [81]
N2 + CO, 1.041 270.00 0.132 9.29 9.19 0.417 0.457 (3697
N + CoH 0.974 26000  0.165 711 696 0.558 0590  [131]
N2 + C.H, 0.962 20000 0274 18 e 0.816 0.845  [131]
0; + CO; 0.979 25315  0.141 811 Rl 0.574 0616  [113]
CO; + C,Hs 0954 26315  0.425 290 295 0.514 0517 117
€Oy + CS, 0.918 36001 0477 115 108 0.875 0.924  [330]
CO;z + Cl, 0.936 233.15 0.228 486  4.68 0.880 0.862  [174]
CoHy + C3H, 1.037 20840  0.556 0.497 0490  0.684 0.700  [169]
CoH,y + CoH, 0.975 23593 0818 1.56 153 0.842 0.849  [152]
CoHg + C,H, 0.968 277.59 0.859 3.20 311 0.789 0.785 [259]
C:H; + CO, 0.944 243.15  0.459 193 195 0.515 0.524  [275]
GoFs + CO, 0.867 227.60 0.511 0911 0923 034 0.341 [357]

2CLIQ test cases in Chapter 4, was not successful, ¢f. [378]. The point quadrupole fails
in modeling the electrostatic interactions of these molecules. :
Results for vapor-liquid equilibria, saturated densities and enthalpies of vaponz_a-
tion are shown in Chapter 6.2 for mixtures containing quadrupolar components'. .an.d n
Chapter 6.3 for mixtures containing multipolar components. All vapor-liquid equilibria of
ixtures were obtained from the Grand Equilibrium method as described in Chapter 2'.5'2'
Technical dot ails of the simulations are given in Appendix C.4. The complete -numencal
simulation data set for all mixtures considered in the present work is available in [378].
It should be summarized. that the present modeling approach, that does H.Ot model ex-
blicitly molecular polarization, yielded very satisfactory desctiption of experimental data
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Table 24: Binary interaction parameter £ for mixtures containing multipolar compo-
nents. Experimental data point (exp) used for the adjustment of £ and result
for that data point from simulation (sim) with adjusted £. The 2CLID model
of carbon monoxide from Table 10 was used for mixtures containing carbon
monoxide.

Mixture (1+2) € T T1evp Dexs " Daim Yt.exp Y1sim  Ref
K mol/mol MPa MPa mol/mol mol/mol

CH, + CO 1003 1234 0.64 0.988 0969 02 0204 54
CO + C,Hg 1017 92315  0.138 4137 4104  0.789 0.796  [395]
CO + CO, 1.080 24314 0139 7706 7.516  0.666 0.675  [53]
N, + CO 1.007 8382 0445 0167 0174 056 0544  [372)
R22 + CS, 0950 39815 01669 279 2676  0.6888 0.698  [336]
CO; + R22 1006 273.15 04666 1.695 1.683  0.7963 0.788  [330]
€O, + R23 0097 26335 04172 2202 2200 D488 0.401  [330)
Rl43a + R134a 0994 29315 0442 0798 0832 0567 0563  [214]
R125 + R143a 0087 264014 05026 0466 0500  0.5158 0522 [201]
R125 +R134a 0999 283053 04928 0659 0662 065 0.638  [200]
Rl43a + RI52a 1023 29315 0437 0804 0713  0.639 0585  [214]

of thermophysical properties over wide temperature ranges. This is particularly interest-
ing in the case of mixtures containing strongly dipolar or polarizable components, like
carbon disulfide + R22, cf. Chapter 6.3, or carbon dioxide + methanol, ¢f. Chapter 6.4.
The modeling of molecular polarization is considered an important issue in literature, as
illustrates the discussion on different modeling approaches for the mixture hydrogen sul-
fide + n-pentane [70, 73, 293]. In the work of Delhommelle et al. [70, 73], the explicit
modeling of the molecular polarization is considered important for obtaining quantitative
description of the vapor-liquid equilibria of that mixture from molecular simulation. Their
results agree well with experimental data, if the pressure is not too high. In contrast, Nath
293] developed non-polarizable molecular models of these molecules and obtained better
results from molecular simulation for higher pressures, but systematic deviations of the
liquid phase composition occur. The present satisfactory results, that were obtained with
simple, non-polarizable models, will contribute fruitfully to this discussion.

6.2 Binary Mixtures Containing Quadrupolar Components

V"?Por'ﬁquid equilibria, saturated liquid densities, and enthalpies of vaporization of binary
m-lxtures of unpolar or quadrupolar components at different state points were calculated
with the molecular models listed in Table 23. Five binary mixtures of the quadrupolar
components nitrogen. oxygen, carbon dioxide, and ethane were studied in more detail,
of. Chapter 6.2.1, in order to demonstrate the performance of molecular simulation as
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predictive and reliable tool for the calculation of thermophysical properties of fluid mix-
tures in comparison to results from equations of state. Results for further binary mixtures
containing quadrupolar components are discussed in Chapter 6.2.2. The focus is on mix-
tures with non-spherical molecules, the excellent results for mixtures of simple spherical
molecules, like argon + krypton or neon + methane, are not shown, but are available in

(378).

6.2.1 Binary Mixtures of Nitrogen, Oxygen, Carbon Dioxide, and Ethane

The present simulation results for the binary mixtures nitrogen + oxygen, carbon dioxide
+ ethane, oxygen + carhon dioxide, nitrogen + carbon dioxide, and nitrogen + ethane are
compared to simulation results from other authors, to experimental vapor-liquid equilib-
tium data, to results from the multiparameter equation of state from the program package
DDMIX provided by the NIST [86, 88], and to results from the Peng-Robinson equation
of state [316]. The acentric factor w, the critical temperature Ty, and the critical pressure
pe of the pure fluids needed for calculations with the Peng-Robinson equation of state
were taken from Reid et al. [321]. Additionally, results for vapor-liquid equilibria from
the PC-SAFT [133] and the BACKONE equations of state [287, 430], that are based on
theoretical principles accounting for molecular interactions, are discussed. The binary
parameters k;; of these three equations of state were adjusted to the same data that were
used for the determination of the binary interaction parameter & of the molecular models,
cf. Table 23. The values of the binary parameters k;; are given in Table 25.

Table 25: Binary equation of state parameters k;; for mixtures of nitrogen, oxygen, car-
bon dioxide, and ethane.

Mixture Peng-Robinson PC-SAFT BACKONE

N2 + 02 —0.00978 —0.00160 ~0.003
€O, + C3H, 0.13008 0.10289 0.0914
0; + CO, —0.04838 0.05929 —0.01
N+ GO, —0.01403 —0.01793 ~0.04
N, + CoHg 0.05233 0.04313 —0.025

Two types of calculations were carried out for both the molecular simulation and the
equations of state. One calculation was performed without using the adjusted binary
Parameter € or &y, i.e. a prediction of the properties of the mixture from pure component
data alone, and the other using the binary parameters. As the prediction from pure
component, data alone is used only as reference, it was not carried out for all isotherms.
The vapor-liquid equilibrium calculation was done at given temperature T and liquid
phase composition z. Data on the vapor pressure p, vapor phase composition y, saturated
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liquid density p’, and enthalpy of vaporization Ahy are reported.

6.2.1.1 Vapor-Liquid Equilibria
Nitrogen + Oxygen

Knowledge on vapor-liquid equilibria of this binary system is fundamental in various
industrial applications such as air liquefaction and air separation. F igure 35 shows results
from the present work for the equilibrium pressure and the vapor phase mole fraction
for three isotherms. The results for the 105 K isotherm show that predictions from pure
component data alone are already in very good agreement with the experimental data for
that system, both for the molecular simulation and for the Peng-Robinson equation of
state. Simulations with adjusted binary interaction parameter £ excellently describe the
experimental data. The Peng-Robinson equation of state also yields excellent results with
or without adjusted binary parameter.

2.5
p!MPa
2,0 ‘I
120K
1.5
1.0 3 3
105K
0,5 -
-
| 80K I
0,0 d . 1
0.0 0.2 0.4 0.6 0.8 1,0

-1
Xy»/ mol mol

Figure 35: Vapor-liquid equilibria of the mixture N, + 0. Simulation, this work:
® (€ adjusted), o (£= 1).  Peng-Robinson  equation of state:
— (K = —0.00978), — — — (kij = 0). + Experiment, [181].

Carbon Dioride + Ethane

This mixture js important, in the
azeotrope, it has a more complex ph
For this system results for vapor-liqui

petrochemical industry. Due to its low hoiling
ase behavior than the system nitrogen + oxygen.
d equilibria from molecular simulation are available
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from Liu and Beck [218] and from Potoff et al. [323]. Results from Gibbs Ensemble Monte
Carlo simulations of Liu and Beck [218] and results from the present work are very sim-
ilar. This could be expected as these authors used two-center Lennard-Jones type pure
component models determined by Vrabec and Fischer [416] and Moller et al. [283] and
Lorentz-Berthelot combining rules with two adjusted binary parameters 5 and £ taken
from [416]. Therefore, a direct comaparison to results from Liu and Beck [218] is omitted
here for brevity. Potoff et al. [323] performed grand canonical histogram-reweighting
Monte Carlo simulations with computationally expensive exponential-6 type models with
fixed partial charges and, in the case of ethane, intramolecular degrees of freedom [91].
The models used by Potoff et al. [323] were obtained from experimental pure substance
vapor-liquid equilibrium data. Potoff et al. [323] performed simulations with the Lorentz-
Berthelot and the Kong combining rules, without adjusting binary parameters.

In Figure 36 simulation results from the present work are compared to results from the
Peng-Robinson equation of state and to simulation data from Potoff et al. [323] obtained
with the Kong combining rules. Both Figures show, that even the purely predictive
molecular simulations from the present work describe the azeotropic behavior. This is a
clear advantage of molecular simulation over the Peng-Robinson equation of state, which
predicts no azeotrope. The results of the sophisticated model of Potoff et al. [323] are in
very good agreement with experimental data. A somewhat better accuracy is obtained
using the model presented here with adjusted binary interaction parameter €.

Ozygen + Carbon Dioride

Vapor-liquid equilibria of mixtures of oxygen and carbon dioxide are encountered in
the petrochemical and food processing industries. Fluid phase equilibria in that system
only exist at temperatures and pressures for which pure oxygen is supercritical, as the
critical temperature of oxygen is lower than the triple temperature of carbon dioxide. No
vapor-liquid equilibrium data from molecular simulation is available from other authors.

Results for phase diagrams of the mixture oxygen + carbon dioxide are shown in
Figure 37. The prediction from molecular simulation without adjusting £ is already in
very good agreement with experimental data. In contrast, the prediction from the Peng-
Robinson equation of state without using k;; is poor for the bubble line. As long as
the pressure is not too close to the critical pressure of the mixture, both methods with
adjusted binary parameter are in fair agreement with experimental data. For this mix-
ture, the average statistical uncertainties of the simulation data are quite large, they are
about +0.35 MPa for the pressure and about £0.02 mol mol~" for the vapor mole frac-
tion. As shown in Figure 37, bottom, similar results were obtained for the 223.15 K and

the 283.15 K isotherms.
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Figure 37: Vapor-liquid equilibria of the mixture O: + CO..  Simulation,
this work: @, m (£ adjusted), © (§=1). Peng-Robinson equation of
state:  —— (k;; = —0.04838), —— — (k;; =0) only shown for 253.15 K.
+ Experiment [113] (experimental data for the 283.15 K and the 223.15 K

isotherms are distinguished by symbol size).




116 6 MOLECULAR MODELS OF MIXTURES

Nitrogen + Carbon Dioxide

Vapor-liquid equilibria of this mixture are important in natural gas processing. Similar
to the system oxygen + carbon dioxide, vapor-liquid equilibria of nitrogen + carbon
dioxide only exist at temperatures and pressures for which pure nitrogen is supereritical.

At 253.15 K vapor-liquid equilibrium data from configurational-bias histogram-re-
weighting Monte Carlo simulations are available from Potoff and Siepmann [325]. These
authors applied newly parametrized rigid Lennard-Jones based molecular models with
partial charges. In the parametrization of their model of carbon dioxide, Potoff and Siep-
mann [325] included vapor-liquid equilibrium data of the binary system carbon dioxide +
propane, whereas their model of nitrogen is parametrized on the basis of pure component
vapor-liquid equilibrium data alone. Results from Potoff and Siepmann [325] are based
on the Lorentz-Berthelot combining rules.

Figures 38 and 39 show phase diagrams of the system nitrogen + carbon dioxide at
218.15 K, 232.85 K, 253.15 K, and 270 K. Simulation results from the present work and
from Potoff and Siepmann [325] are compared to experimental data and to results from
the Peng-Robinson equation of state. In this work, the binary parameters of the molecular
models and the Peng-Robinson equation of state were adjusted to data at 270 K, so that
the present results shown in Figure 38 represent an extrapolation in temperature.

At 218.15 K both the present molecular simulation data and the Peng-Robinson equa-
tion of state agree very well with the experiment. Results of similar quality were obtained
for 232.15 K and 270 K. Uncertain simulation results in the critical region of the 270 K
isotherm show larger deviations from experiment. Predictive simulations (¢ = 1) from this
work at 218.15 K are, despite some deviations in the pressure, generally in fair agreement
with the experimental results. The quality of these predictions is similar to the quality
of the correlation of Potoff and Siepmann [325], cf. Figure 39. Overall, this demonstrates
the higher accuracy of the present molecular model. The Peng-Robinson equation of state
with adjusted binary parameter shows reasonable agreement with experimental data.

Nitrogen + Ethane

Knowledge on phase equilibria of this mixture is needed in the petrochemical industry.
Similar to the systems discussed above, at temperatures and pressures where fluid phase
equilibria exist in that mixture, pure nitrogen is always supercritical. At 200 K and 260 K
vapor-liquid equilibria from the Extended NpT + Test Particle Method were published
by Kronome et al. [198]. These authors applied unpolar 2CLJ models from Vrabec and
Fischer [416] and Kriebel et al, [190], in which the unlike Lennard-Jones interactions
were modeled with Lorentz-Berthelot combining rules with an adjusted binary interaction
paral-neter €. This mixture model is very similar to the present. model.

Figure 40 shows a comparison of simulation results from the present work and from
Kronome et al. [198] to experimental data and to the Peng-Robinson equation of state.
An excellent agreement between both molecular models and experiment is found. The re-
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Figure 38: Vapor-liquid equilibria of the mixture Ny + CO,. Simulation. this work:
® B (£ adjusted), o (£=1). Peng-Robinson equation of state:

— (k;; = —0.01493).  + Experiment [181] (experimental data for the
270 K and the 232.85 K isotherms are distinguished by symbol size).
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Figure 39: Vapor-liquid equilibria of the mixture Ny + CO,. A Simulation [325] with
Lorentz-Berthelot combining rules and pure component parameters of CO,
adjusted to the mixture CO,+propane. Peng-Robinson equation of state:
— (ki = —0.01493). + Experiment [181].

sults from the present work at 200 K and 290 K are predictions in the sense that the
binary parameter was adjusted to data at 260 K. The Peng-Robinson equation of state
shows considerable deviations on the bubble line and overestimates the critical region.

This mixture shows liquid-liquid equilibria at low temperatures [438]. It is therefore
a good example for verifying whether the present molecular models are able to describe
these liquid-liquid equilibria. According to the phase equilibrium conditions Equations
(72) to (76), that also apply to liquid-liquid equilibria, the chemical potentials in the
two liquid phases (superscripts “11" and “12") must agree. Results for the configura-
tional contributions to the chemical potentials of nitrogen and ethane obtained from NpT'
molecular dynamics simulations of both liquid phases with test particle insertion are given
in Table 26 (the simulations were performed with 500 molecules, 200.000 time steps for
data production, and 3,000 test particles per species). The fair agreement of the chemi-
cal potentials in both phases shows that the present molecular models also comprehend
liquid-liquid equilibria. It was not within the scope of the present work to investigate
liquid-liquid equilibria in more detail.
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Figure 40: Vapor-liquid equilibria of the mixture Ny + CoHg. @ . B Simulation with
adjusted €, this work. A Simulation [198] with Lorentz-Berthelot corbining
rules and adjusted €. Peng-Robinson equation of state: — (k;j = 0.05233).
+ Experiment [131] (experimental data for the 290 K and the 200 K isotherms

are distinguished by symbol size).
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Table 26: Liquid-liquid equilibria of nitrogen (A) + ethane (B). Comparison of con-
figurational contributions to the chemical potentials g° = p/ (kgT) in both
phases at experimental liquid-liquid equilibria state points [438] (pressure p,
temperature T, mole fractions of nitrogen in both liquid phases z'! and z7).

The numbers in parenthesis indicate the uncertainties of the last digits.

P T xﬂ IlAQ _ﬂ;.u _ﬁzlﬁ —,L-lf.;“ _‘af,j&}
MPa K  mol/mol mol/mol
15 12347 04 0.8 2582 (48) 2611 (11) 10.13 (21) 10.65 (6)
116.80 0.336 0.87 2.688 (51) 2788 (11) 1005 (39) 11.50 (5)

6.2.1.2 Saturated Liquid Density, Enthalpy of Vaporization

In Figures 41 and 42 saturated liquid densities of the five binary mixtures from molecular
simulation are compared to data from the multiparameter equation of state available in
the program package DDMIX provided by the NIST [86, 88] and to results from the Peng-
Robinson equation of state. As DDMIX has been designed for accurate descriptions of
saturated densities of mixtures, these values are used here as reference data.

It can be seen from Figures 41 and 42, that the results from molecular simulation
describe the saturated liquid densities of the studied binary mixtures reliably and in very
good agreement with DDMIX data. As expected, the Peng-Robinson equation of state
does not yield satisfactory results in most cases.

Methods for predicting enthalpies of vaporization of mixtures are important as experi-
mental data is often scarce. In Figures 43 and 44 residual enthalpies of vaporization from
molecular simulation are, due to lack of experimental data, compared to data from DDMIX
[86, 88] and to results from the Peng-Robinson equation of state. Residual enthalpies of
vaporization were calculated as

ARF(T.p.x.y) = (B (T,p,y) - ' (T,y)) - (K (T.p,z) — K (T.z)).  (149)

The data from DDMIX are considered here as a reasonable estimate for values of the
enthalpy of vaporization. In most cases results from molecular simulation are close to the
data from DDMIX, whereas, in some cases the Peng-Robinson equation of state produces
larger deviations from DDMIX data. Similar results found for the mixtures nitrogen +
oxygen and oxygen + carbon dioxide are not shown here. they are available in [378].



6.2 Binary Mixtures Containing Quadrupolar Components 121

-
283.15K

0.0 0.2 0.4 0.6 0.8 1.0

=1
Xy + Xegn ! Mol mol

4
a1k * 4 401815K
e 237 85 K

o,

4

I 200 K
»
T

1214244 260 K

T+

ry
8 1 290 K

2 83
0.0 02 04 0.6

-
xm! mol mol

Figure 41: Top: Saturated liquid density of the mixtures Nz + Op and CO; +
C,H;. @ Simulation No + Oy with adjusted &, this work. & Simula-
tion CO, + CpHg with adjusted &, this work. —— Peng-Robinson equa-
tion of state (ki = —0.00978 for Na + On, Ky — 0.13008 for COy + CoHg)-

+ DDMIX [86, 88]-
Bottom: Saturated liquid density of the niscbures Ny + COj and N3 + C,He.

® Simulation Ny + CO; with adjusted €, this work. .A Simulatfon
N, + C,;Hg with adjusted & this work. —— Peng-Robinson equation
of state (k,-j = —0.01493 for No + COs, k,'j = (.05233 for N2 + C;_)HG).

+ DDMIX (86, 88].
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Figure 42: Saturated liquid density of the mixture O + CO,. ® Simulation with ad-
justed &, this work. —— Peng-Robinson equation of state (k;; = —0.04838).
+ DDMIX [86, 88].
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Figure 43: Enthalpy of vaporization of the mixture COy + C,H;. @ Simulation with
adjusted £, this work. —— Peng-Robinson equation of state (k;; = 0.13008).
+ DDMIX (86, 88].



6.2 Binary Mixtures Containing Quadrupolar Components 123

Ahy/ kI mol

e®
++

0.0 0.1 0.2 0.3
x,,/ mol mol”

AR/ kI mol™

0.0 0.2 0.4 3 0.6
X,/ mol mol

Figure 44 Top: Enthalpy of vaporization of the mixture Nz + CO,. @ Simulation with

adjusted €, this work. —— Peng-Robinson equation of state (k;; = —0.01493).
+ DDMIX [86, 88]. Results for 232.85 K are not shown here, they are avail-
able in [378]. -

Bottom: Enthalpy of vaporization of the mixture N; + C;Hg. @ Simulation
with adjusted €, this work. ~—— Peng-Robinson equation of state

(k;; = 0.05233). + DDMIX [86, 88].
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6.2.1.3 Results from Physically Based Equations of State

As the empirical Peng-Robinson equation of state often yiclds no satisfactory results as
predictive tool, additional calculations were performed with two physically based equa-
tions of state: the PC-SAFT [133] and the BACKONE [287, 430] equations of state. In
contrast to the Peng-Robinson equation of state, which is a representative of the class
of empirical cubic equations of state, the PC-SAFT and the BACKONE equations of
state represent another approach for designing equations of state, as they are based on
theoretical principles that account for molecular interactions.

The PC-SAFT equation of state was developed for associating fluids or fluids with
chain-like molecules, but in its original form does not model explicitly polar contributions.
It is nevertheless often applied also for polar components and was therefore included
in the test of the present study. As in this chapter only non-associating, quadrupolar
components are investigated, the PC-SAFT equation of state was applied without the term
accounting for association. In contrast, the BACKONE equation of state contains terms
that explicitly account for polar contributions. Both equations of state feature a single
binary interaction parameter k; in their mixing or combining rules, cf. Table 25. More
detailed explanations on the structure of these equations of state and on the parameters
employed are skipped here, they are available in the original papers for PC-SAFT [45, 46.
133], and for BACKONE (287, 339, 430].

The PC-SAFT parameters for the four fluids nitrogen, oxygen, carbon dioxide. and
ethane used in the present work are given in Table 27. They were determined here from an
adjustment to the vapor-liquid equilibrium data, that was also used for the development
of the present 2CLJQ models of these fluids, ¢f. Table 37. Table 27 contains also the
BACKONE parameters, that are taken from [287].

Table 27: Pure component parameters for PC-SAFT and BACKONE equations of state.
PC-SAFT: oFC, £PC, ;mPC. BACKONE: a, po, Tp, and @2, values taken from

{287].
Fluid at®  efC/ky 'mPS a o Ty - O
B K mol/dm® K
Ny 3.2975 80.492 1.2365 1.0471 11.133 125.74 0487
0, 3.1711 113.98 1.1457 1.0244 13.629 154.58 0.0
CO, 25731 152.85 2.5461 1.3919 10.549 201.28 2.181
CyHg 3.5186 191.15 1.6105 1.2127 6.800 305.32 0.0

In Figure 45. top, vapor-liquid equilibria of the binary mixture carbon dioxide + ethane
from the PC-SAFT and from the BACKONE equations of state are compared to experi-
mental data. It can be seen, that these equations of state show the same poor predictive
qualities as the Peng-Robinson equation of state {cf. Figure 36), as they do not predict the
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Figure 45: Vapor-liquid equilibria of the mixtures CO; + C:Hs (top) and Oz + CO,
(bottom) from PC-SAFT and BACKONE equations of state compar ed to

experiment. PC-SAFT: — (k;; adjusted), — — ~ (kij = 0)- BACKONE:
—— (ki adjusted), ——— (ki = 0). + Experiment: CO; + CpHg [181],

0, + CO, [113].
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azeotrope. In the case of adjusted binary parameter ki;, both equations of state are in
excellent agreement with experimental data.

Vapor-liquid equilibria of the binary mixture oxygen + carbon dioxide from the PC-
SAFT and from the BACKONE equations of state are compared to experimental data in
Figure 45, bottom. Prediction from the PC-SAFT equation of state is poor on the bubble
line, whereas the BACKONE equation of state shows large deviations on the dew line,
that remain even in the case of adjustment of the binary parameter k;;. With adjusted k;;
the PC-SAFT equation of state yields more reliable results on the bubble line, but shows
deviations to high pressures for near critical states.

Also saturated liquid densities were calculated with the PC-SAFT and the BACKONE
equations of state for the binary systems investigated in this work. As expected, for many
cases, these equations yield clearly better agreement with DDMIX data than the Peng-
Robinson equation of state. However, there are some systems (for example nitrogen +
carbon dioxide) for which also these equations of state give poor results whereas the
present, molecular simulations show excellent agreement with the reference data, cf. [378].

These findings allow to conclude that the predictive power of the present molecular
models is superior to the studied equations of state based on physical principles that ac-
count for molecular interactions. With adjusted binary parameters, these equations of
state and the present molecular models describe the vapor-liquid equilibria with compa-
rable gquality.

6.2.2 Vapor-Liquid Equilibria of Further Binary Mixtures

In Chapter 6.2.1 results for mixtures of nitrogen, oxygen, carbon dioxide, and ethane were
presented. In this chapter, for further binary mixtures of unpolar or quadrupolar com-
ponents modeled in the present work, vapor-liquid equilibria from molecular simulation
are compared to experimental data and to results from the Peng-Robinson equation of
state [316]. The acentric factor w, the critical temperature T;, and the critical pressure
p. of the pure fluids needed as parameters for the Peng-Robinson equation of state were
taken from Reid et al. [321]. The binary parameter k;; of the Peng-Robinson equation of
state was adjusted to the same data used for the determination of the binary interaction
parameters £ of the molecular models, cf. Table 23.

In the case of the mixture carbon dioxide + carbon disulfide, cf. Figure 46, a consid-
erable overestimation of the critical points is obtained from the Peng-Robinson equation
of state. This overestimation is mainly due to the poor description of the bubble line by
the Peng-Robinson equation of state. An essentially better description of the bubble line
is obtained from molecular simulation. Analogous results were found for the mixtures
nitrogen + ethane and oxygen + carbon dioxide, ¢f. Chapter 6.2.1.1, and for the mixture
nitrogen + propylene, cf. Chapter 6.3.1.

In analogy to the mixture carbon dioxide + ethane, Figure 47 shows, that molecular
simulation predicts correctly the azeotropic behavior of the mixture ethyne + ethane from
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Figure 46: Vapor-liquid equilibria of the mixture CO, + CS;. ® Simulation with ad-
justed £, this work. — Peng-Robinson equation of state (k; = —0.00227).
+ Experiment [330].

pure data alone, i.e. with £ = 1, whereas the Peng-Robinson equation of state fails in
Pbrediction and only yields correct description of the vapor-liquid equilibria of this mixture
when the binary parameter ky; is adjusted.

Figure 48 shows, that molecular simulation vields a more reliable description of the
azeotropic behavior of the mixture perfluoroethane + carbon dioxide than the Peng-
Robinson equation of state, which is worse even when its binary parameter k;; is adjusted.
The scattering of the equilibrium pressure from molecular simulation is due to the un-
Certain determination of the configurational part of the chemical potential from the test
barticle insertion method, when large size differences of the molecules occur, as it is the
case here,

Even stronger scattering of the equilibrium pressure and also of the vapor phase compo-
sition from molecular simulation was observed in the case of the mixture perfluoroethane +
enon. The simulation results are not shown here, the binary interaction parameter £ could
Tot be adjusted, of. [378]. Compared to the mixture perfluoroethane + carbon dioxide.
the size difference between perfluoroethane molecules and xenon atows is even larger,
Which may have caused this behavior. For the mixtures perfluoroethane + carbon dioxide
and perfluoroethane + xenon supposedly better results would be obtained if the gradual
insertion method instead of the test particle insertion method was used for the calculation
of the configurational part of the chemical potential and the partial molar volume n@ed
for the Grand Equilibrium method. No simulations of this mixture were performed with
the gradual insertion method, as this method was extended to simulations of mixtures on-
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Figure 47: Vapor-liquid equilibria of the mixture C,Hy + CyHg.  Simulation, this

work:  ® (¢ adjusted), O (£=1). Peng-Robinson equation of state:
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Figure 48: Vapor-liquid equilibria of the mixture CoFg + CO,. ® Simulation with ad-
justed &, this work. —— Peng-Robinson equation of state ( ki; = 0.02800).
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ly in the final phase of the present work.

Results for the mixtures ethene + ethyne and ethene + ethane are shown in Figures 49
and 50, top. Both the Peng-Robinson equation of state and molecular simulation describe
the azeotrope of the mixture ethene + ethyne. The equilibrium pressures of the mixture
ethene + ethane from molecular simulation are somewhat too low, but the vapor phase
compositions are deseribed correctly. The models of these two mixtures and the model of
the mixture ethyne + ethane, cf. Figure 47, are used in Chapter 6.5 for the prediction of
vapor-liquid equilibria of the ternary mixture ethane + ethene + ethyne.

/ MP:
e d -1
L

2.4 A 255,37K

i

1.8 1
L J
0.0 0.2 0.4 0.6 0.8 1.0

Xy Mol mol”

Figure 49: Top: Vapor-liquid equilibria of the mixture C,Hy + CoH,. @ Simulation with
adjusted &, this work. — Peng-Robinson equation of state (k;; = 0.06383).
+ Experiment [152].

Further results are shown in Figures 50, bottom, and 51 for the mixtures nitrogen +
ethene, methane + ethene, and carbon dioxide + chlorine, where the latter mixture is
particularly interesting, as it is the only mixture containing chlorine modeled in the present
work. Except for the overestimation of the critical point of the mixture nitrogen + ethene,
the Peng-Robinson equation of state describes the vapor-liquid equilibria of these mixtures
with good accuracy. Also results from molecular simulation agree well with experimenta.l
data within the simulation uncertainties.
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Figure 50: Top: Vapor-liquid equilibria of the mixture C2Hy + (,H;. ® Simulation with
adjusted £, this work. —— Peng-Robinson equation of state (ki = 0.012).
+ Experiment [152]. '
Bottom: Vapor-liquid equilibria of the mixture Np + 02H4-' ® Simula-
tion with adjusted €, this work. —— Peng-Robinson equation of state

(k:j = 0.0646). + Experiment [131].
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Figure 51: Top: Vapor-liquid equilibria of the mixture CHy + C,H,. ® Simulation with

adjusted £, this work. — Peng-Robinson equation of state (ki = 0.0343)-
+ Experiment [346].
Bottom: Vapor-liquid equilibria of the mixture CO, + Cl,. ® Simulation with
adjusted £, this work. — Peng-Robinson equation of state (k;; = 0.0932)-
+ Experiment [173].
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6.3 Binary Mixtures Containing Multipolar Components

It is shown in the present chapter, that the simple modeling approach for mixtures de-
scribed in Chapter 6.1 yields also quantitative description of vapor-liquid equilibria and
saturated lignid and vapor densities in the case of binary mixtures containing multipolar
components. Only one work on such mixtures (R22 + R142b and R22 + R152a) based
on molecular simulation is available in literature [119], wherein unpolar Lennard-Jones
potentials with temperature dependent energy and size parameters were used.

Present simulation results are com pared to experimental vapor-liquid equilibrium data,
to results from the multiparameter equation of state from the program package DDMIX
provided by the NIST [86, 88], and to results from the Peng-Robinson equation of state
(316]. The acentric factor w. the critical temperature T, and the eritical pressure p. of
the pure fluids needed for the Peng-Robiuson equation of state were taken from Reid et
al. [321]. The binary parameter k;; of the Peng-Robinson equation of state was adjusted
to the same data used for the determination of the binary interaction parameter £ of the
molecular models, cf. Tables 24 and 28.

6.3.1 Vapor-Liquid Equilibria

Results for vapor-liquid equilibria of four binary mixtures carbon menoxide + carbon
dioxide/ethane /nitrogen Jmethane are shown in Figures 52 to 55 for wide temperature
Tanges. These figures demonstrate the excellent predictive qualities of the present state
independent molecular models, as for all four mixtures molecular simulation data is in very
800d agreement with experimental data over a wide temperature range. It is particularly
nteresting, that the present modeling approach yields excellent results for the mixture
carbon monoxide + ethane, despite the comparably high polarizability a ~ 4.4 - 1072 cm®
(132] of the ethane molecule,

In analogy to results for some mixt ures of quadrupolar components with an overcritical
component, the Peng-Robinson equation of state overestimates the critical points f’f the
Mixtures carbon monoxide + carbon dioxide and carbon monoxide + ethane, cf. Flgu‘res
52 and 53. At high temperatures, results for the mixture nitrogen + carbon monoxide
from the Peng-Robinson equation of state, become inaccurate, ¢f. Figure 5-4. In contrast,
Vapor-liquid equilibria of the mixture methane + carbon monoxide, cf. Fxgme 55, from
the Peng-Robinson equation of state are in excellent agreement with f‘xperfmemﬂl fi*?‘ta'
In all cases, molecular simulation yields reliable results on all isotherms also in the critical
region, e
Very satisfactory results are also obtained from molecular simulation for vap-ol'-!lqlﬂd
equilibria of three ;uixt.ures containing the refrigerants R22 and R23: carbon d.loxlde =+
R22 ang carbon dioxide + R23. of. Figure 56. and carbon disulfide + }.122, cf. Figure 57.
Similar to the mixture carbon monoxide 4 ethane, the mixture carbon disulfide + R22 un-

B
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Figure 52: Vapor-liquid equilibria of the mixture CO + CO,. ®, m Simulation with ad-
justed &, this work. —— Peng-Robinson equation of state (k;; = 0.03411).
+ Experiment [53].
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Figure 53: Vapor-liquid equilibria of the mixture CO + CoHs. @. W Simulation with
adjusted £, this work. — Peng-Robinson equation of state (ks = 0.01981).

+ Experiment [395].
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Figure 54: Vapor-liquid equilibria of the mixture Ny + CO. @ Simulation with ad-

justed &, this work. — Peng-Robinson equation of state (k;; = 0.02835).
+ Experiment [372]
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Figure 55. Vapor-liquid equilibria of the mixture CHy + CO. @ Simulation with ad-
Justed &, this work. — Peng-Robinson equation of state (k; = 0.02550).

+ Experiment [54).

derlines the excellent performance of the present modeling approach, as the unpolar
molecule carhop disulfide is even more polarizable (a ~ 8-107* cw®) than the ethane
molecule, and the dipale momentum of R22 (in gas phase u~ 1.46 D [328]) is essen-
Hally higher than that of carbon monexide (in gas phase 4~ 0.1 D Akl
froin the Peng-Robinson equation of state for these three mixtures agree excellently with
EXperimental data.

Results for the four refrigerant mixtures R125 + R134a, R143a + R134a, R143a +
R1524, ang R125 + Ri48a are shown & Figures 58 to 60. The Peng-Robinson equa-
tion of state describes these vapor-liquid equilibria with excellent accuracy, except f‘_’r
high term perature isotherms of the azeotropic mixture R125 + R143a, where systematic
deviations occur. Results from molecular simulation agree well with experimentf;_l dfata,
the vapor phase compositions are described with excellent accuracy. The Et;mllbn-um
Pressures from, molecular simulation scatter as the configurational parts of th.e chemical
Datentials wepe obtained with rather large uncertainties from test particle insertion. In the
€3¢ of the mixtyre R125 + Ri134a, of. Figure 58, systematic deviations occur at higher
temperatyros The molecular models of the mixtures R125 + R13da, R125 +_ 1-{1’.138.. and
R143a + R134a are used in Chapter 6.5 for the prediction of vapor-liquid equilibria of the

Yernary mixture R125 + Ri43a + R134a.
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Figure 56: Top: Vapor-liquid equilibria of the mixture CO, + R22. @ Simulation with
adjusted £, this work, — Peng-Robinson equation of state (kij = —0.00676).
+ Experiment [336].
Bottom: Vapor-liquid equilibria of the mixture CO; + R23. @ Simula-
tion with adjusted &, this work. — Peng-Robinson equation of state
(k; = 0.01146). + Experiment [336].
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Figure 57: Vapor-liquid equilibria of the mixture CS; + R22. ®_ W Simulation with ad-
justed €, this work. —— Peng-Robinson equation of state (ki = 0.09), no con-
vergence was achieved at 373.15 K, 423.15 K, 473.15 K. + Experiment [336].
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Figure 60: Vapor-liquid equilibria of the mixture R125 + R143a. @, B Simulation with
adjusted £, this work. — Peng-Robinson equation of state (k;; = —0.04824)
at 243.15 K, 263.15 K, 283.15 K, 303.09 K, 323.12 K. Experimental data at
the indicated temperatures: + [291], A [7]. (Dew and bubble lines are hardly
distinguishable.)

Finally, binary mixtures containing propylene are discussed. As stated in Table 9
and discussed in Appendix G, the sign of the model quadrupole of propylene is not yet
specified. Therefore, it was attempted to determine the sign of the model quadrupole
of propylene empirically using the prediction of vapor-liquid equilibria of mixtures as a
criterion. For that purpose the binary interaction parameter £ was adjusted for both signs
of the model quadrupole of propylene. Table 28 shows, that the adjustment worked sur-
prisingly well for all mixtures containing propylene, yielding very similar values of £&. From
this finding it may be concluded, that the sign of the model quadrupole has practically no
influence on the description of macroscopic thermodynamic properties of these mixtures.
Similar results may be expected for other fluids with undetermined quadrupole sign listed

in Table 9. Due to the lack of other experimental data, this study was resctricted to
propylene.

Results for the mixtures nitrogen + propylene, ethane + prapylene, and carbon diox-
ide + propylene are shown in Figures 61 and 62. Results for the mixture ethylene +
propylene are not shown here as only a narrow experimental data base is available in the
literature. Figures 61 and 62 show, that molecular simulations with positive and negative
model quadrupole momentum for propylene perform equally well, also for isotherms far
away from the state point chosen for the adjustment of £. These results support the
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Table 28: Binary interaction parameter £ for mixtures containing propylene (P). Exper-
imental data point (exp) used for the adjustment of € and result for that data
point from simulation (sim) with adjusted £. Superscript signs indicate signs

of the model quadrupoles.

Mixture (1+2) £ T T1exp Pexp  Psim Yiexp Wi ber
¥ K mol/mol MPa MPa mol/mol mol/mol
Ny + P~ 0.959  260.00 0.220 11.9 117 0.879 0.808 131]
Nz + P 0.958 12.4 0.879 0.879
COy+ P~ 0.915 273.15 0.539 2.42 2.34 0.821 0.821 [289]
COz + P* 0.920 2.35 0.821 0.826
CoHg + P~ 1.015 277.59 0.568 1.72 1.77 0.775 0.785 [348]
C:Hg + P 1.019 1.72 0.775 0.785
CBy + P~ 1.021 258.15 0.794 2.23 2.21 n.a, 0.952 [144]
CoH,y + P 1.018 2.18 n.a. 0.954

negligible role of the sign of the model quadriipolsicn She Aol ElE L R R
equilibria. Without discussion of the question of the sign of the model guadrupole, similar
favorable results were published recently for the mixture ethane + propylene at 277.59 K
[42].
Similar to the results for the mixtures nitrogen + ethane and oxygen + carbon dioxide,
ef. Chapter 6.2.1.1, and carbon dioxide + carbon disulfide, ¢f. Chapter 6.2.2, a consider-
able overestimation of the critical points is obtained from the Peng-Robinson equation of
state in the case of the mixture nitrogen + propylene, cf. Figure 61. In contrast, in the
case of the mixtures ethatie & propylene and carbon dioxide + propylene, ¢f. Figure 62,
results from the Peng-Robinson equation of state are in very good agreement with exper-
lmental data,

It should be pointed out, that the excellent performance of the 2CLJQ model of propy-
lene when applied to the modeling of mixtures was not presumed in view of the angular
shape of the real molecule. However, it seems that this angular shape makes the molecule
sufficiently compact for 2CLJ-based modeling. After all, this case tea’_chﬁ _that molecular
models of Aluids must proof their performance in the application to fluid mixtures. If t%le)’
work therein, this is a good hint that the pure fluid model is built on a reasenable physical

basis.

6.3.2 Saturated Densities

For the mixtures carbon monoxide + carbon dioxide, carbon iy T e:!:han?‘ la-
e i simula-
Niethane + carbon monoxide saturated liquid and vapor densities from molecufar si

and
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Figure 61: Vapor-liquid equilibria of the mixture N, + propylene. Simulation with ad-
Justed &, this work: ® same quadrupole signs, W opposite quadrupole signs.
—— Peng-Robinson equation of state (k;; = 0.08844). + Experiment [131].
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Bottom: Vapor-liquid equilibria of the mixture CO2 + propylene. Simu-
lation with adjusted €, this work: ® same quadrupole signs, W opposite
quadrupole signs. —— Peng-Robinson equation of state (ki = 0.09493).

+ Experiment [289].
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tion were compared to data from the multiparameter equation of state available in the
program package DDMIX provided by the NIST [86, 88], and to results from the Peng-
Robinson equation of state. The data from DDMIX are taken here as reference data.
Results for saturated liquid and vapor densities are shown, as the quantitative description
of these properties by effective, non-polarizable models underlines the predictive qualities
of this simple model type also in the case of mixtures with dipolar components.

As can be seen in Figures 63, 64, and 65, saturated liquid densities from molecular
simulation are in good agreement with data from DDMIX. Larger deviations occur in
the critical region of the isotherms. Saturated liquid densities from the Peng-Robinson
equation of state are not satisfactory for the mixtures carbon monoxide + carbon dioxide
and carbon monoxide + ethane, but are in very good agreement with DDMIX data in
the case of methane + carbon monoxide. Recalling Figure 55, this shows an excellent
performance of the Peng-Robinson equation of state for this mixture. Saturated vapor
densities from molecular simulation also agree well with DDMIX data. For the mixtures
carbon monoxide + carbon dioxide and carbon monoxide + ethane only one isotherm for
the saturated vapor densities is shown, as values for other temperatures are very similar.

Similar results, not shown here, were obtained for the mixture carbon monoxide +
nitrogen.

6.4 Binary Mixture Carbon Dioxide + Methanol

Thermophysical properties of this mixture are important for technical applications like
coal gasification, C; chemistry, or methanol producing processes. Furthermore, it is a
demanding mixture for verifying thermodynamic modeling approaches.

Vapor-liquid equilibria of this mixture from molecular simulation were published by
Lisal et al. [228], who used the Lennard-Jones based OPLS model of methanol [163] and
the Lennard-Jones based EPM2 model of carbon dioxide [143] for their reaction Gibbs
ensemble Monte Carlo simulations, and by Potoff et al. [323], who performed grand
canonical histogram-reweighting Monte Carlo simulations using molecular models based
on the exponential-6 potential. All those models are non-polarizable and have fixed point
charges. They yicld good agreement with experimental vapor-liquid equilibrium data.

In the present work, the non-polarizable model My of methanol, cf. Chapter 5.2,
and the simple, non-polarizable 2CLJQ model of carbon dioxide, ¢f. Table 8, were used
for the calculation of vapor-liquid equilibria of this mixture. To the knowledge of the
author the interaction of point charges and point quadrupoles was not yet investigated by
molecular simulation methods. The vapor-liquid equilibria were obtained from the Grand
Equilibrium method based on the gradual insertion method, cf. Appendix C.5 for techni-
cal details. These simulations are an important consistent extension of the modeling and
simulation approach discussed in the previous chapters to mixtures containing associating
components. The application of the gradual insertion method yielded the configurational
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Figure 63: Saturated liquid density (top) and saturated vapor density (bottom) of the

Robinson equation of state (k; = 0.03411). + DDMIX (86, 88].

mixture CO + CO,. @ Simulation with adjusted £, this work. — Peng- w
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Figure 64: Saturated liquid density (top) and saturated vapor density (bottom) of the
mixture CO + CoHg. ® Simulation with adjusted £, this work. —— Peng-
Robinson equation of state (k;; = 0.01981). + DDMIX [86, 88].
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Figure 65. Saturated liquid density (top) and saturated vapor density (bottom) of the
mixture CH, + CO. ® Simulation with adjusted £, this work. —— Peng-
Robinson equation of state (ki; = 0.02550). + DDMIX 86, 88].
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part of the chemical potentials and the partial molar volumes of both components in the
liquid phase with low statistical uncertainties. The binary interaction parameter £ = 1.124
was adjusted to p = 4.75 MPa, zcg, = 0.2368 mol mol™1, yoo, = 0.98 mol mol~! on the
isotherm T = 323.15 K.

Figures 66 and 67 show, that on all isotherms the bubble line from the Peng-Robinson
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Figure 66: Vapor-liquid equilibria of the mixture carbon dioxide -+ methanol.
@® Simulation with adjusted £, this work. —— Peng-Robinson equation of
state (k;; = 0.04497). + Experiment [31].
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equation of state deviates from the experimental bubble line, whereas the present simula-
tion results are in excellent agreement with experimental data. Also the saturated liquid
densities are described with very good accuracy by molecular simulation, cf. Table 29.
Saturated vapor densities from simulation are in the range of experimental values, though
somewhat larger deviations oceur at 323.15 K.

These encouraging results give reason to extend this approach to further mixtures
containing hydrogen bonding components, like methanol + nitrogen /carbon monoxide, or
methanol + water, which, however, was out of the scope of the present work.

0,0 0.2 0.4 0.6 0.8 1.0
X,/ mol mol”’

Figure 67 Vapor-liquid equilibria of the mixture carbon dioxide + meal.lanol.
® Simulation with adjusted &, this work. —— Peng-Robinson equation of

state (k;; = 0.04497). + Experiment [31].
i

Table 29: Comparison of saturated densities of the mixture carbon dioxide + methanol
from experiment [31] to results from molecular simulation and from the Peng-

Robinson equation of state (ki; = 0.04497).

T Zco, pr i
K  mol/mol mol/l mol/l
208.15 0.1214 exp. 24.36 n.a.
sim. 2436 0.738
PREOS 2460 0.691
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Table 29: continued.

13 Zco, I o
K  mol/mol mol/l  mol/l
208.15 0.2289 exp. 2418 n.a.

sim. 24.01 1.441
PR EOS 2432 1.300

0.3642 exp. 23.60 n.a.
sim. 23.62 2.424
PR EOS 23.92 2.013
323.15 0.1197 exp. 23.54 n.a.

sim. 23.51 1.025
PR EOS 2358 1.162
0.2368 exp. 23.31 n.a.
sim. 23.16 2.320
PR EOS 23.18 2.494

0.4344 exp. 22.05 4.57 - 6.83
sim. 22.03 4.236
PR EOS 2232 5.435
3473.15 0.1185 exp. 21.61 = 5.1

sim, 21.72 1.737
PR EOS 21.30 2.238

0.2456 exp. 20.53 =51
sim. 2091 3.524
PR EOS 20.58 5.227

6.5 Ternary Mixtures

In the present work, pairwise additive interaction potentials are used for the modeling
of molecular interactions, therefore ternary interaction parameters cannot be introduced.
Hence, the molecular models developed on the basis of binary data can straightforwardly
be applied without any alterations to predict vapor-liquid equilibria of ternary and mul-
ticomponent mixtures.

Vapor-liquid equilibria of five ternary systems containing unpolar, dipolar, or qua-
drupolar fluids were studied by the means of the Grand Equilibrium method: nitrogen
+ oxygen + carbon dioxide, nitrogen + carbon dioxide + ethane, ethane 4 ethene +
ethyne, carbon monoxide + methane + carbon dioxide, R125 + R143a + R134a. Results
from molecular simulation are compared to experimental data and to results from the
Peng-Robinson equation of state.

Technical details of these simulations of ternary mixtures are given in Appendix C.4.

Nitrogen + Ozygen + Carbon Diozide

Knowledge on vapor-liquid equilibria of this ternary mixture is needed in the food
processing and brewing industry. In Figure 68, top, the mole fractions on the bubble
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and on the dew lines are given at 232.85 K and 12.4 MPa. Predictions from molecular
simulation are in excellent agreement with the experimental vapor-liquid equilibrium data.
The Peng-Robinson equation of state yields good results for the dew line but shows clear
deviations on the bubble line, which are due to shortcomings of the models for the binary
systems. Similar results were obtained for 232.85 K and 5.17 MPa. ¢f. Figure 68, bottom,
where vapor-liquid equilibria from simulation are compared to experimental data.

Nitrogen + Carbon Dioride + Ethane

Results for the system nitrogen + carbon dioxide + ethane are shown in Figure 69.
This system shows a strong curvature of the dew line which is predicted quantitatively
both by molecular simulation and the Peng-Robinson equation of state. Slight deviations
in the molecular simulation results for the dew line are due to similar deviations in the
binary systems nitrogen + carbon dioxide and nitrogen + ethane, cf. Figures 38 and 40.

Carbon Dioride + Methane + Carbon Monozxide

This mixture is described on the basis of a quadrupolar, an unpolar, and a dipolar
2CLJ-based model. As can be seen from Figure 70, the accuracy of the results on the dew
line is somewhat lower than for the previous three ternary mixtures of quadrupolar com-
ponents. Overall, predictions from molecular simulation still agree well with experimental
data, whereas results from the Peng-Robinson equation of state show large deviations on

the bubble line,

Ethane + Ethene + Ethyne

The present molecular models for the binary mixtures ethane + ethene, cthane +
ethyne, and ethene + ethyne were used for the predittion of yapor-liguid eqiiibria of the
ternar;,* mixture ethane + ethene - ethyne, cf. F:gure 71. The pl‘edictions from mole(-:uIi'n'
simulation are in excellent agreement with experimental data, whereas phase equilibria
from the Peng-Robinson equation of state show deviations.

R125 + R143a + R13%4a

Experimental data for this ternary refrigorant blead are avalable for two liquid compo-
sitions at various temperature and pressure states [180, 291]. The resu]t:s B
simulation for this mixture of dipolar components are therefore listed in Tables 30 and
31, together with the experimental data. Over a wide temperature range the r&slﬂts_ﬁ-o::
molecular simulation are in very good agreement with experimental data for both liqui
ompositions. Trustworthy results for other liquid phase compOSition.s e be expected
from this molecular model and can be interesting for engineering applications.

|

r!
g
!
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Figure 68: Vapor-liquid equilibria of the mixture Ny + O, + CO, at T =232.85 K,
p =12.4 MPa (top) and T = 232.85 K. p = 5.17 MPa (bottom). @ Simula-
tion with £ for binary subsystems adjusted, this work. —— Peng-Robinson

equation of state with k; for binary subsystems adjusted. + Experiment
[445].
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Figure 69. Vapor-liquid equilibria of the mixture No + COz + CHs at T=220K, J
p =4 MPa (top), and T =270 K, p=6 MPa (bottom). @ Simulation. with
€ for binary subsystems adjusted, this work. — Peng-Robinson equation of
state with k;; for binary subsystems adjusted. + Experiment (29]- |
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Figure 70: Vapor-liquid equilibria. of the ternary mixture CO, + CHy + CO
at T=22315K and p=6682MPa (top) and T =24315K and
2 =6.899 MPa (bottom). @ Simulation with £ for binary subsystems ad-
justed, this work. — Peng-Robinson equation of state with k;; for binary
subsystems adjusted. + Experiment [53].
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igure 71: \rl])()l’:l]([lil(f equilibria of the ternary mixture C;H; + CoH; + C,H, at
T =27 1_.;9 K and p = 3.547 MPa. ® Simulation with £ for binary subsys-
tt.‘ms adjusted, this work. —— Peng-Robinson equation of state with ki; for
binary subsystems adjusted. + Experiment [259].

able 30: Vapor-liquid equilibria of the mixture R125 + R143a + R134a. Compari-
son of present simulation results (with £ for binary subsystems adjusted) to

experiment [180].

T -
K mi {‘/13?01 : l‘lluasa : TR134a P Ynizs YR143a  YRidda
T no /x.no mol/mol MPa mol/mol mol/mol mol/mol
Il 0.3262 0.3439 1.1919 exp. 0.3909 0.3599 0.2492
SRy ) sim. 0.389 (0.366 G.246
Gedl 0.3235 0.3267 0.3498 1.7860 exp. 0.3777 0.3514 0.2709
sim. 0.373 0.358 0.270

33 g
4.114 0.3197 0.3229 0.3574 2.5366 exp. 0.3602 0.3431 0.2067
sim. 0.361 0.342 0.297

3445 .
4527 0.3163 0.3221 0.3616  3.1546 exp. 03474 0.3353 0.3173
sim. 0.344 0.350 0.310
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Table 31: Vapor-liquid equilibria of the mixture R125 + R143a + R134a. Compari-
son of present simulation results (with £ for binary subsystems adjusted) to

experiment [201].
7 TR125 TR143a TR134a P YR125 YRi43a YR134a
K mol/mol mol/mol mol/mol MPa mol/mol mol/mol  mol/mol
204.557 0.1716 0.1647 0.6637 0.01675 exp. 0.3276 0.3109 0.3615
sim, 0.352 0.235 0.413
223.286 0.1713 0.1643 0.6644 0.05019 exp. 0.3100 0.2826 0.4074
sim. 0.314 0.252 0.434
263.988 0.1690 0.1623 0.6687 0.29685 exp. 0.2720 0.2381 0.4809
sim. 0.270 0.236 0.494
303.158 0.1658 0.1603 0.6739 1.0041 exp. 0.2379 0.2087 0.5534
sim, 0.233 0.217 0.550
343.288 0.1601 0.1569 0.6830 2.6110 exp. 0.2031 0.1842 0.6127

sim. 0.193 0.186 0.622
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7 Summary

In the present work quantitative molecular models of pure fluids and mixtures were de-

veloped, that can directly be applied to the caleulation of thermophysical properties for

chemical engineering tasks.
based on the four-parameter 2CLJQ or 2CLID model type
for 78 real low-molecular fluids are presented. They include quadrupolar fluids, like nitro-
gen, oxygen, carbon dioxide, halogens, or ethane, as well as multipolar fluids, like carbon
monoxide or alternative refrigerants. The present 2CLJIQ/2CLJD modeling approach for
real pure fluids is broader than any previous work on molecular modeling of pure flu-
ids. Except for some test cases. only fluids were studied, for which the 2C0LJQ/2CLID
model allows simple but stil] physically meaningful modeling of the molecular interactions
of these real fluids. The 2CLJQ/2CLJID models were designed for accurate description
of the vapor-liquid equilibria of the pure fluids by adjusting their model parameters to
experimental data of critical temperature, saturated liquid density, and vapor pressure,
They describe the saturated liquid densities with an accuracy of 0.5 % compared to exper-
imental data. which is essentially better than results from conventional cubic equations
described with an accuracy of typically 3 %. Somewhat
larger mean deviations of the vapor pressure oceur in cases, for which the 2CLJQ/2CLIJD
modeling approach is too simplistic, for example for the refrigerant R32, or for other
strongly asymmetric refrigerant molecules. For improvement, such fuids should rather be
modeled individually and more elaborately. The models describe the enthalpy of vaporiza-
tion with an accuracy typically better than 3 %, and they yield quantitative prediction of
thermophysical properties also in the homogeneous fluid state far away from vapor-liquid
equilibria. For the fluids studied here, the information on the thermophysical behavior of
the pure fluid contained in vapor-liquid equilibrium data is sufficient for developing effec-
tive molecular models, which yield reliable predictive performatice for the entire range of
fuid states, :

The rapid development of a large number of 2CLJQ/2CLID madels was possible, as
in the present work a new method was applied, that is particularly well adapted to the
Parametrization of molecnlar models with a low number of adjustable model Pm‘:’mﬁ?m'
The vapor liquid equilibria of the 2CLJQ/2CLID model fluids were oomprel'xenswely in-
vestigated with the NpT' + Test Particle Method, and on the basis of this molecular
simulation data, empirical correlations of the critical temperature, the saturated liquid
density and the vapor pressure of the 2CLJQ/2CLJD model fluids were developed.' These
correlations were used for the parametrization of the 2CLJQ/2CLJID models by fitting the
model parameters to experimental data. This systematic modeling approach wa's j?mlte
efficient thaz adjusting the 2CLJQ and 2CLJD model parameters for eao.b rea.[ fluid indi-
vidually. With this method, the final step in the development of quantitative II].OlﬁC\:llar
Models was not more difficult than the adjustment of parameters of phenomenological

Effective molecular models

of state. The vapor pressure is
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thermodynamic models.

The generalization of this optimization method to three or more adjustable model pa-
rameters is possible, but its efficiency becomes questionable for such cases. In this work,
molecular models of ethylene oxide and methanol with three adjustable model parame-
ters were optimized by another optimization method based on least squares minimization.
Vapor-liquid equilibria of methanol, that were required for that optimization, were ob-
tained from the NpT'+Test Particle Method based on chemical potentials obtained from
the gradual insertion method. This leads to results which are distinctly more accurate
than those previously reported in literature.

The accuracy and the compatibility of the present molecular models with physically
meaningful maodel parameters opens the route to applying them directly 1o the modeling of
interactions of unlike molecules in real fluid mixtures. In the present work, 45 unlike inter-
actions of unpolar, dipolar, or quadrupolar mixture components were uniformly modeled,
which is the broadest systematic application of meolecular simulation to the caleulation of
thermophysical properties of mixtures in literature. Modified Lorentz-Berthelot combin-
ing rules with an adjustable binary interaction parameter in the energetic term were used
to describe the unlike Lennard-Jones interaction parameters. For enhanced quantitative
description of vapor-liquid equilibria of mixtures, an efficient procedure was applied for
the adjustment of the binary interaction parameter to a single experimental equilibrium
pressure of the modeled mixture.

It was shown, that the present molecular models predict, without adjusted binary
interaction parameter, vapor-liquid equilibria of mixtures more reliably than the Peng-
Robinson equation of state. For instance, azeotropes were predicted by the molecular
models, but not by the Peng-Robinson equation of state. With adjusted binary parame-
ters, quantitative description of vapor-liquid equilibria of mixtures was obtained from the
molecular models.

The present modeling approach with effective, non-polarizable molecular models held
also for real mixtures of dipolar and strongly polarizable components.

The excellent performance of the present molecular models of unlike interactions was
verified by the quantitative prediction of vapor-liquid equilibria of five ternary mixtures
from molecular simulation.

The results of the present work show, that molecular modeling and simulation of real
fluids and mixtures on the basis of relatively simple, but physically reasonable and care-
fully parametrized molecular models allows the quantitative prediction of thermophysical
properties. These results underline, that molecular modeling and simulation methods of-
fer a high potential for broader application. Future work should extend the present study
to more complex fluids, in particular hydrogen bonding fluids, and larger molecules, for
which the explicit modeling of internal degrees of freedom is indispensable. It should be
verified, whether the present simple. effective, united-atom based modeling approach is
still valid for those fluids. In the case of complex fluids, the NpT'+Test Particle Method
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based on gradual insertion is an excellent tool for the fine-tuning of model parameters.
Quantum chemical calculations should help to specify the parameters of molecular models
of complex fluids.

Many of the molecular models developed in the present work were already successfully
applied to the quantitative prediction of further thermophysical properties, that are im-
portant for applications in process industry, like surface tensions and Henry's constants
[414], or transport properties like diffusion coefficients [103, 104], viscosities, and thermal
conductivities [103]. Also Joule-Thomson inversion curves are predicted quantitatively
[419]. Usually. the description of these properties requires more than one classical model.
This shows the excellent extrapolative quality of the present molecular models, and under-
lines, that “molecular simulation presents the advantage of providing a unified theoretical
framework for the prediction of equilibrium and transport properties” [397].
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Appendix A Forces, Torques, and Long-Range Cor-
rections

Expressions for the intermolecular forces and torques, as well as expressions for the long-
range corrections of the internal energy and the virjal are given for m-component mixtures
of multicenter Lennard-Jones fluids with linear point quadrupoles and point dipoles, cf.
Appendices A.1, A2, A3 and A.5. In the case of model fluids with point charges, the
expressions are given for a pure fluid or for a binary mixture only, cf. Appendices A.4 and
AG.

For the calculation of the configurational part of the chemical potential (and the par-
tial molar volume), long-range corrections for the interaction energy ;, of the inserted
molecule ¢ of component a with all other molecules

m N
Va=3 Y ugh, (150)
b=1 j=1
are given. Equation (150) contains contributions from Lennard-Jones and from electro-
static interactions.

All expressions are given for non-spherical molecules, i.e. a”-components as defined in

Chapter 2.2. Orientational averaging disappears for spherical molecules.

A.1 Lennard-Jones Interaction
A.1.1 Forces and Torques

The Lennard-Jones interactions of two multicenter Lennard-Jones molecules i of type a
and j of type b in a m-component mixture are considered. Each Lennard-Jones site s on
molecule i interacts with each Lennard-Jones site k on molecule j, i.e. a total of s-k
Lennard-Jones interactions between these molecules have to be evaluated. Let 7; and 7;
be the position vectors of the centers of mass of these molecules, and Ar;, and Arj; the
vectors pointing from the centers of mass to the site locations. Then r;; = 7 —7; is
the center of mass distance vector, 7;, = r; + Ar;, and Tk = 7 + Arjj. are the position
vectors of the sites, and Tisjk = Tis — Tjk = Tisjk - €igjk 15 the site-site distance vector,
wherein Tigjk = Iri.sjk’ and €igik = Tiajk/"'iajk- With these definitions. the force on the
Lennard-Jones site s on molecule ¢ due to the Lennard-Jones site & on molecule jis

Lab Liab
FLab _ _6u£sjk (Tisin) 0wl (rasir) p (151)
isjk arisgk B'risjk isjky

that evaluates with the Lennard-Jones potential function

12 6
ab ab
Lab Ly Tisik Tisik
Uit (Tisin) =4e (___3 ) par ( isj (152)

Tisjk Tisjk
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as
12 6
24z00 g%t o
Llab Rtk 1 gk iszk
Fow =2 gt | [ Sk e (153)
Tisjik Tisik Tisik

This force causes a torque on molecule § with respect to its center of mass
Liab __ Lab
Tisik = Ary x FE6®, (154)
The force on site k on molecule J due to site s on molecule 7 is

Fliu = —Figg, (153)

and the torque on molecule J with respect to its center of mass is

Fllta _ A‘l"j, % FLJM ?éq,.LJm'r (156)

jkis = kis isjk -
In isotropic, homogeneous media the long-range corrections of Lennard-Jones forces and

torques are zero.

A.1.2 Internal Energy

The long-range correction for a fluid mixture of m rigid multicenter Lennard-Jones com-
VT-ensemble. The resulting long-range correction for the

ponents is derived for the N 3
internal energy, of. Equation (177), is also valid for the NpT-ensemble, when the density

£ Is replaced by the ApT: -average (p) nyp.
The eontribution of the Lennard-Jones interactions to the configurational part of the

interna) energy is

U (o) ul%e (TS vip)

|
i

1 m

+30 3w (TS ava i)
b=a+1

m No Na

Z %Z Z U (VwvrYanve)

a=1 ~ i=1 j#i sk

a
|

(157)

8
|
-

ff

m-1 m N N

* z Z Z Z Z ”eléﬁb (')‘fa.wﬂ;a.,vvr) .

a=1 b=a+1 i=1 j=1 sk

(158)

; i and
Wherein the sums on the indices s and k count the Lennard-Jones sites Ogsmmzceu)jcmlained
I, Tespectively, The phase space variable sets in Equations (157) aud (158) are exp
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in Chapter 2. In the NVT-ensemble. the average value of the configurational part of the
internal energy per molecule is

1 —AULITe) LT (e e
(uu) = _Cf e (I )Hdl"a, (159)
NQ TS a=1

wherein the index NVT is omitted and Q° according to Equation (36). Separating like
and unlike interactions, Equation (139) yields

1 - 1 — B0 Ty rLIaa fc c = c
WA= R j =AU Tg73ea (<) gre T dr
NEQ re aa

m—1 m m
1 1 — = c C C C
JWE: o @—:frce AUITILIab (eTs) aTsdTs [ drs,  (160)

a=1 b=a+1 a#ab

or, applying Equation (158),

131 [ g [l a® 3
@@= £ 8 [ BSSS i i o o

a=1 =1 =5 Ak
1 m—1 m 1 o Nz N m
e ‘F’[Zzzufj‘ﬁ ('rfnfb)}dl":dfiﬂdfz- (a61)
a=1 b=a+1 s i=1 j=1 sk a#a.b

Interchanging in the terms of like and unlike interactions the double summation on particle
numbers and the integration, and noting explicitly the integration on the phase space
coordinates of particles i and j yields

Na Na

[ | 1 " e
TR =
W= 5220 ) M kG [ i,
a=1 7 i=1 j#i sk I ata

Im—l m Na N

1 3 o
T 2 2N Y o e i g Tarsdrs, drdri . (162)

a=1 b=a+1i=1 j=1 s.k aza.b

Herein, the notation T, ;. symbolizes the omission of 4§, and Y5a- 1t is now obvious, that
for any two fixed particle indices, the integrals in Equation (162) yield the same results and
can therefore be replaced by $N,(N, —1) = 1 N7 terms in the case of like interactions, or
Ny N, terms in the case of unlike interactions, wherein the integration only is on particles,
say number 1 and 2 of each species a in the case of the like interactions, and number 1 of
species a and b in the case of unlike interactions, i.c.

(ulh) = Z;WZ f U5 5a) (@: ﬁ_wu(mnﬂﬁdri\:e] dns,dvs,
a= sk

ata
m-1 m
N, Ny 1 S g
£y > Z]uﬁ*:;‘,?(v:ﬂm[@ﬁ AU arsdrs,, ;\l]dqu;b.uw)
a=1 b=a+1 a.k da.b
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The expressions in Equation (163) are already rearranged in order to identify conveniently
the pair distribution functions for like and unlike pairs of molecules in terms of the con-
figurational phase space variables

aa T 1 — LJ =

9 Ofia) = Vi [0 O [[argarsy, (164
aza

ab (A¢ A ‘/‘29. 1 —pUt(re) v TS dre, . drs

9 (e Vi) = wgw | € Hd atloy 1 dTG 1, (165)
Sk

wherein (2,5, €, according to Equation (272). With Equations (164) and (165), Equation
(163) becomes

m VQ 1
LJ “Ya "
W) = 3 e o VAR ) o e ) e
4 sk aa

a=]

NV

a=1 p=qg+1

m-1 m -
NN 1 :
+2. 2 ki / Ul (Vs ¥50) 988 (Ve ¥i) diaty. (166)
s.k

As the fluide mixture is considered isotropic and homogeneous, the pair distribution func-
tions depend only on pair distances and on relative pair orientations, noted here as 7§,,,
for pairs of like molecules and V5145 for pairs of unlike molecules. Then Equation (166) is
rewritten as

m s
L) NG 3
(U ) - Z] 2‘\-'1/‘2 Z* Qa.a [uh];f (7;2na)gm (’hczmz) d’ﬁ.’n}and’ﬁa
a= =k

N2

m—1 m

N.N; 1

+2 2 NElag [ 8t i) % ) s 107
a=1 b=a+1 s.k

The integration on the configurational phase space variables do5, can be evaluated directly,
Le.

W) = 3 e 3 b [ o o) 4 ) B

aEy Z‘VV sk Qnﬂ
m—1 m
Nalyg~ L[ o ey oo )ity (168)
+ i NV Efm e
a=1 b=a+1 i
wherein 0, is defined as
A (169)
a’ Taess

g is defined accordingly.
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With mole fractions and particle density according to

Nowiig s

w2 (170)
N, N,

fGVb = TaTpps (171)

and with separate integration over the relative pair distances and the relative pair ori-
entations, i.e. dy%,, = dWizadrizes and dyfy,, = dwiiasdriies, Equation (168) finally
yields

m
! 1
@)= gy 5-"»‘3 > ] k- f Uisp 0120091200 9 (' 12001200) 801200871200
Sl

a=1 2

m=1 m

1 -
+.OZ El‘awaz — [ w1108 9% (P 11060 1108) A1 1060 1105 (172)
v Qo Jo
a=1b=a+1 sk

Expressions for the long-range corrections of the Lennard-Jones contribution to the inter-
nal energy are deduced from Equation (172). For that purpose, the volume integrals are
split up into integrals over a spherical volume of cut-off radius r. and the remaining long-
range integrals, that extend to infinity for a very large system supposed by the means of
periodical boundary conditions in the molecular simulations. The expressions within the
cut-off sphere are not considered here, as molecular simulations are performed to evaluate
them. With the assumption, that the pair distribution functions are approximately unity
beyond the cut-off sphere, the long-range correction for the Lennard-Jones contributions
t0 the internal energy is

IR pi EIE Z]
2 a
a=1 s.k

Saivl

L3,
Q——/ul,ﬂ.’ (71200W1200) dW1200@T 1200
aa J Q)

&

m—1 m oo
1
+pE Z Z“”’Zf Q_‘/“ﬂff (T1106w11a6) A 11000 1105 (173)
a=1 b=a+1 sk 4Fc *abJO
With the orientational averages of the Lennard-Jones potential functions
1
(UTIER (P1200901200)) w1300 = T / U (119400 1200) AW 1300 (174)
aa Jo
L] 1
(“uﬁf (T1100901108) ) 10, = _Q;_/!; urip (Pa®iia) 4110, (175)

and with the spherical integration written as unidimensional integration

o0 o0
f dr:f 4rridr, (176)

©



A.1 Lennard-Jones Interaction 167

Equation (173) becomes

m

1 i

LILR _ L Llaa 2

u =R E >%a _S_ r (urzk (7120091200) w300 "33 1200
a=1 A Hk Te

m—1 m

X
) 3 zam) dn ]: (udk (M110091106) )02, o 11a. (177)

a=1 b=a+1 s.k

Lustig [239] has given analytical expressions for the evaluation of the orientational aver-
ages of the Lennard-Jones potential functions contained in Equation (177). Note, that
in the case of rigid molecules all orientational averages contained in Equation (177) are
decoupled. Summing up the analytical expressions from Lustig [239] is therefore correct
[240]. Equation (177) also applies to the NpT-ensemble, when the density is replaced by
its ensemble average (p) NT-

A.1.3 Pressure

The average pressure for this mixture is
P o= 1 1 1
= pkT P N1 [ _piige|l
(P)= pksT e S_;Qc /I\’e 5
a=
auLJab

m—1 m 1 Leas 1 Na. Np Ll m ;
_f\‘rz Z @_c/r;e AULI(T) ,:Ezzrfjabz aﬁ};}ﬂ“ﬁ,dfﬁg:ﬂ‘a. (178)

a=1 b=a+1 =11 8.k

Na—1 N, 3”!“1’}:“ iz
Z ZT:’J’MZ ar::aJde;gdf‘g

i=1 j#i sk

After transformations analogous to those demonstrated for the internal energy, Equation
(178) finally yields for the long-range corrections of the configurational part of the pressure

1 1 ™ rigy, LS :
pUILR -3°3 P ZI§Z47;] {1200 3?‘1;0 1300 T1200 07 1200
=1 sk fe
m—-1 m 20 81{,1'1‘:8 2
3P Y ran ot [ (g e e 079)
a=1 b=a+1 sk =
Note, that
b _ outlr as0)

31‘13,,,, = OF1adkaa

3 i tion
The same is true for the derivative of 5% in Equation (179). For the anglysteal cralis
of Equation (179) refer to the comment to Equation (177).
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A.1.4 Chemical Potential

On the basis of the spherical cut-off concept, the Lennard-Jones contribution to the in-
teraction energy v, of the inserted molecule i of species a with all other molecules in the
mixture, cf. Equation (150), is

E5 3 b sy

=1 =1 8
Ti5<re

The cut-off sphere of radius r, is centered on the position of the inserted molecule. In
Equation (181), the long-range correction is

YLILR — pz:ti, > Z f {(uk®) ey dmridr (182)
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A.2 Point Quadrupole Interaction

A m-component mixture of quadrupolar fluids is considered. Each molecule of each species
has an elongated point quadrupole located in its center of mass. The pair interaction
potential of the elongated point quadrupoles Q¢ and Qf located on molecule 7 of species
a and molecule j of species b is, of. Chapter 3.1,
“ a )b

Ut = ﬁgﬁ—% [1-5(c +&) - 15¢%c2 + 2(c; - 5aicy)?] (183)
wherein ¢; = cos 67, ¢; = cos#?, and ¢;; = cos?P. The angles 67, 82, and 72 mdicate the
relative angular orientation of the two point quadrupoles. If the fluid surrounding the cut-
off sphere is assumed isotropic and homogeneous, equally weighted angular averaging is
allowed and yields a zero contribution beyond the cut-off sphere. Therefore, gquadrupolar
contributions to forces, torques, internal energy, pressure, and the interaction energy Ui
need no long-range correction.

A.2.1 Forces and Torques

The force on Q2 due to Q% is [3],

QQab
FQQuab au:‘j 4
4 31",‘_-,'
ab QQab
e o 1 9us
e R e el LR o L o , (184)
e + (e3¢ e’)n-,- %6 + (&3¢ J)m o
wherein
et (155)
Y Il

Equations ( 183) and (184) then yield

: udle
FO% o T Loy
Tij :
7000
+(eie—e) 1 _1 30, (—10c; — 30ce; — 20¢; (e — 5eie;))

i 5
T3 47eg 47',':;

Hleyo, L] = 32/9] (~10¢; — 30c2e; — 20c: (e — Seic;)) - (186)
(e,_? Z i Tij 47eg 47',5_1
The force on Q;f due to Q¢ is

Fda _ _pae (187)
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The torque on Q¢ due to Q5 is [3]

n. QQab
on NS O
i ¢ ae;
QQab QQab
iy i At
G TR
1 3Q5Q%
= —e;
471'50 41‘

[(—10c; — 30c§c,- — 20c; (ci; — 5eic;)) ey + 4 (cij — Seicy) e;] . (188)
The torque on Q% due to Q¢ is
Saom WY 1 3Q7Q5

T €% ixeg dmeg 4'r
[(~10¢; — 3002c, + 20¢; (ci; — 5esc;)) es; + 4 (i — Seicy) e;] . (189)

A.2.2 Internal Energy

The contribution of the quadrupolar interactions to the configurational part of the internal
energy is

m m N,

WL%ZZZZ%W, (190)

a=1 b=1 i=1 J#i

rij<re
wherein j # i for the innermost sum indicates, that self interactions of the molecules
do not occur, i.e. the undefined terms ug‘?‘“ are omitted. Note, that the compact no-
tation of the multiple sums in Equation (190) differs from the extended notation used
in Equation (158), where the sums on like and unlike species are deliberately separated
with regard to obtaining explicitly the slightly different long-range corrections for like and
unlike interactions of the Lennard-Jones part. That separation is not required here.

A.2.3 Pressure

Calculating the pair virial according to Equation (178) based on ugo"b instead of Uz!?;fa
i.e.

PRt
QQab ij
A S 191
l] rl} 6‘,”‘3 . ( )
vields
it (192)

This expression is a convenient way to evaluate rapidly the contribution of the quadrupolar
interactions to the pressure.



A.2.4 Chemical Potential
The Lennard-Jones contributions to -

quadrupoles is
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A.3 Point Dipole Interaction
A.3.1 Internal Energy

A m-component mixture of dipolar fluids is considered. Each molecule of each species has
a point dipole located in its center of mass. The pair interaction potential of the point
dipoles pf and ,u? located on molecule i of species @ and molecule j of species b is, cf.
Chapter 3.1,

¥ ot
Huab St W SV RECT (L sy 194
Y dreg f'rij|3 e, R

wherein ¢; = cos6%, ¢; = cos@®, and c; = cosy@. The angles 67, 62, and 4§ indicate
the relative angular orientation of the two point dipoles. As uﬁ‘j’“‘b is no decay function,
particular attention has to be paid to the long-range corrections of the dipolar interaction.
Various approaches for calculating dipolar long-range corrections were suggested, among
which the Ewald summation and the reaction field method are broadly used [114, 307].
The reaction field method [6, 340] is used consistently in the present work. It requires
an essentially lower computational effort compared to the Ewald summation and it is
convenient to implement.

The basic assumption of the reaction field method is, that the dipoles present in the
cut-off sphere of radius 7, centered on a dipole p; polarize the fluid outside the cut-
off sphere, which is modeled as dielectric continuum with relative permittivity z,. This
polarization gives raise to a homogencous electric field, called the reaction field EX, in
the cut-off sphere. With the short-cut notation

1 2(e,—1)1

e tlaeT L (195)
dmey 285+ 1 Tg

the reaction field EFF for a cut-off sphere centered on dipole ud is

m Ny
B _C Z Z uf;’ (196)
=1 =1
rij<re
wherein only the dipoles within the cut-off sphere are summed up. For sufficiently large
systems, ie. N > 500, the sensitivity of simulation results to the value of the relative
permittivity & is negligible, cf. [340]. Therefore, ¢, is often set to infinity in simulations
of dipolar fluids 122, 160, 221, 228]. For reasons of consistency, the relative permittivity
& was uniformly set to infinity in the present work.

The interaction of the dipoles in the cut-off sphere with the reaction field EXF con-
tributes to the torques exerted on the dipoles and to the dipolar interaction cnergies. The
energetic contribution of the interaction of the dipole p¢ with the reaction field EY is
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R¥a Ly
uf ™ =l (197)

1

Applying Equations (196) and (197), the contribution of the dipolar interactions including
inferactions with the reaction field to the configurational part of the internal energy is

m m N,

m Na
) = G385 g 53

a=1 b=1 i=1 1? a=1 i=1
rii<re
1 m m N m N m
— ofe ppab
= {3 E'u 2§:§n.§:
“ a=1 b=1 i=1 i#i a=1 i=1 b=1 i=1
rij<re rij<re
1 m m N M m N
= Hpab a
= G2 > (e - cutut)) - S50 s
“ a=1 b=1 i=1 i#i a=1 =1
rij<rc

2 ( TR =”’1)}__ZN ().  (198)

The averaged term in Equation (198) can be written as hierarchical summation on particles
that is conveniently evaluated in a molecular simulation code. Equation (198) shows,
that the computational effort for the reaction field method is restricted to the additional
pairwise evaluation of the simple term —Cpg pé. The last term in Equation (198) is the
dipolar self term, which is constant for a comtant number of particles.

A.3.2 Forces and Torques

The reaction field E™ is a homogeneous electrical field, i.e. it is no function of position
within the cut-off sphere. It therefore exerts no force on the dipoles, i.e.

ol (199)
The force on u? due to uﬁ'
Freeb — —Euﬁ T
ors;
is obtained from Equation (184), wherein “QQ@ is replaced by u“"‘"b
(201)

Fﬂ#ﬂb 1 3#1'“-? [(q _.5c,cj)e,_, +cje; + C:eJ]
4'I'E'0 T'!-j
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The force on ) due to pf is

Jols e, (202)
The torque on uf due to p.j’»
7 i
Thet — gy x —* 203
,, - (203)
is obtained from Equation (188), wherein uQQ”‘b is replaced by u“““b
1 il :
:,;pe.b _E ;3" X [ej = 3(_‘_,‘6{_-;} ) (204]
ij
and the torque on p? due to pf is
12 th
ppba _ o
e; — dcei; . 205
Tji 471_50 ""-?3 x [ ci€ij] (205)

The additional torque for each ¢ of each species a due to the reaction field EF is [3]

T4REe — pe x ERF. (206)

A.3.3 Pressure

In analogy to Equations (191) and (192), the pair virial for dipolar interactions is

Huskab
wif” = i o
i

= _gypmab (207)

Note, that the reaction field does not contribute to the pair virial. when the pair virial
is calculated by the means of the pair forces. In the present work, the pair virial of
the dipolar interactions was calculated according to a suggestion of Saager et al. [340],
who applied Equation (207) after adding the energetic contribution of the reaction field
to u , cf. Equations (197) and (198). This allows reaction field contributions to the
pressure.

A.3.4 Chemical Potential

The Lennard-Jones contributions to the interaction energy v,. cf. Equation (150), are
given in Appendix A.1.4. The additive contributions to 1, due to the interaction of point
dipoles and the reaction field are

v = Z Z (u""“"w Zutu J) (208)

b=1 i=1
Tij<tc
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A.4 Set of Point Charges Interaction

A.4.1 Internal Energy

In a pure fluid of molecules bearing sets of point charges. the interactions between the
point charges located on molecules i and j are considered. The notation scheme used for
interactions of Lennard-Jones sites in Appendix A.1 is applied here analogously to sets of
point charges. Each set of point charges is presumed to be electroneutral, i.e.

b (209)

According to Coulomb’s law, the pair interaction potential of two point charges g;, and
gk at distance gy is
1 Gt
o = o ek, (210)
o< 47ep Tisjk
wherein 7;,; = |ri;|. Consequently, the pair interaction potential of two sets of point

charges on molecules i and jis

1 Gisqik
ul? = Lo (211)
3 4#50 Z A Tisjk

s
Asin the case of dipolar interactions, usual approaches to deal with the long-range corree-
tion of this non-decay interaction potential are the Ewald summation technique and the
reaction field method [114, 307]. The application of the reaction field method to systems
with point charges is generally accepted, cf. for example the works of Steinhauser [374]
or van der Spoel et al. [401] on water. In the present work, the reaction field method is
preferred for the reasons stated in Appendix A.3.

The application of the reaction field method to electroneutral sets of point charges
allows a notation that is completely analogous to the one used for dipolar interactions.
Consequently, the reaction field method is straightforwardly applicable to mixtures of
fluids with dipoles and point charges, cf. Appendix A.6. |

With the dipolar momenta of the electroneutral sets of point charges on a molecules i

and j
(212)

po= Y gure =) Gubru,
5 L

W= Y aurie =D aiwArie
n 3

| is
the reaction field EPF for a cut-off sphere centered on the center of mass of molecule

(214)

(213)

I

N
EF=0 Y i

j=1

rij<re
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In analogy to Equation (197), the energetic contribution of the interaction of the dipolar
momentum g of the set of point charges with the reaction field E}" is

1
uf = —SulE (213)

1

Then, in analogy to Equation (198), the contribution of the point charge interactions
including interactions with the reaction field to the configurational part of the internal
energy is

(A e
U =GY D (- Culul))~ N (7). (216)
e

A.4.2 Forces and Torques
The force on point charge g;, due to point charge g;;. is
ul?

T e
isjk aruﬂ;
1 1 GG
= €ix 217
411'50 rfsjk tk (@17)
wherein

Tisjk
€isik = 3 218
18] f'f'iajkl ( }

and the force on ¢;; due to a homogencous electrical field E is

So the force on a point charge g;s as part of the set of point charges of molecule i due
to the set of paint charges on molecule j and due to the reaction field EMF according to
Equation (214) is

RF _ 1 gk
qu ; Z dreg :s €isjk + q=sE (220)
ot
rij<re

Summing up all forces F#"F yields the force on the set of point charges on molecule 7 due
to the set of point charges on molecule j

Fi = ):FW“F

D o)

J#i ]
Tij<Te
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Equation (221) shows, that the reaction field exerts no net force on the electronentral set
of point charges. However, the reaction field contributes to the torque on the set of point

charges

T:’"“F = E Ary, x PES
s

= Sy e (222)
b 7 4d7eg Tisie
Tij<rc

Equations (221) and (222) show, that the action of the reaction field on sets of point
charges is completely analogous to its action on dipoles, cf. Equations (199). (201) and
(206).

A.4.3 Pressure
The pair virial for the interaction of two sets of point charges must be evaluated by the
means of the pair forces between the charges, i.e.
Sull
Ryt b Al
Vet "=JZZa,-m.k
& ok
DI @
8 ok

As shown in Chapter A.4.2, the sum over all pair forces, as it is contained in Equation (223),
takes disappear the influence of the reaction field on the pair virial w.

A.44 Chemical Potential

The Lennard-Jones contributions to the interaction energy v, cf. Equatior‘l (150), g
given in Appendix A.1.4. The additive contributions to ¢ due to the interaction of point

charges and the reaction field are

- C a0
e = 3 (s~ Guta).
=1

rij<re

(224)
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A.5 Point Dipole and Point Quadrupole Interaction

A.5.1 Internal energy

A m-component mixture of dipolar-quadrupolar fluids is considered. Each molecule of
each species has a point dipole and an elongated point quadrupole located in its center of
mass. The interactions between point dipoles and between point quadrupoles are described
in Appendices A.2 and A.3. The pair interaction potential of the point dipole u¢ located
on molecule ¢ of species a and the point quadrupole Qg located on molecule j of species b
is [3, 132],

ugar _ 1 34505
i dmeg 2 T4

(ci (5] — 1) — 2¢55¢5) » (225)

and the pair interaction potential of the point quadrupole Q7 located on molecule i of
species a and the point dipole 4 located on molecule j of species b is [3, 132],

1 3Q4u :
S Tdneg 2 r;—‘,-f (¢; (5¢ = 1) — 2¢i563) , (226)

wherein ¢; = cos 07, ¢; = cos 62, and ¢;; = cosfy,';" The angles 67, 6';-" and 4% indicate the
relative angular orientation of the point dipole and the point quadrupole considered.

Presuming, that the point quadrupoles do not influence the reaction field of the point
dipoles, the reaction field Ef’r for a cut-off sphere centered on dipole pf is given by
Equation (196). The reaction field ERT acts on the point dipoles according to Equations
(197) and (206), but, due to its homogeneity and due to the elongation and symmetry of
the point quadrupoles, has got neither energetic nor force nor torque effects on the point
quadrupoles.

Therefore, the total electrostatic energy that contributes to the configurational part of
the internal energy is

ImmNa Ny

Na
(5 Z Z Z Z (ugqm i u%}mb i u:_;ana Quab) x Zm: Z ub uRFa

a=1 b=1 i=1 i#¢ a=1 i=1

ri3<re

(U*)

Na Np

I
™
NE
b
B

QQab b b ab
(u”{?u +u§j,-”" _'_,ug}(?a +uQ‘” = “J))

QQab

wherein v~ and u:;‘“‘"’ are given by Equations (183) and (194).
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A.5.2 Forces and Torques

The forces and torques between pairs of point dipoles and between pairs of point quadru-
poles are given in Appendices A.2 and A.3. The force on uf due to Qf- is obtained from
Equation (184), wherein uf‘;o"b is replaced by u:}(‘w‘

uQab
B Ol y
51‘,-J
1 3ufQt
-lTE'(_) 2 ?:}

[(561 (TC;Z = 1) = IUCiJ'Cj) €ij 4 (1 == 50?) €+ (ZCU = IOCiCj) e_.,-] s (228)

uQab
Fi

and the force on Q¢ due to ! is

Bulret
ol
51‘,,—
1 3Q
dmep2 1
[(5¢; (1 = 7¢}) + 10c;¢;) €55 + (10cie; — 2¢;7) € + (5¢ — 1) e;]. (229)

Quab
F:’J

s force b a s
The force on Q5 due to p? is

Fg'“ba il —F:;Qab, (230)
and the force on ,ug due to Q¢ is
ba Quab 1
F;';Q = —F,'j g (23 )
The torque on u? due to Qb
HurQab
o R 232
T =8 X de; -

: . Qab
Is obtained from Equation (188), wherein NSQM is replaced by uf;"

1 3pQ5 233)
HRal o o RS Bt ei-+2c-e-]. (
Tij e,x4m€02 rf, [ ( i ) i i€

The torque on Q2 due to 3 is

o,,b
_rQ_Hﬂb Rl 1 EQ‘L P"] [—2(C,’j fent 5C.‘Cj) e — 26,-811 s (234)
ij 7 dweg 2 T?j
the torque on Q! due to pf is
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Ol )( 1 _3‘_-“3 Q.‘f [(5(!2 = 1) Eij — 2('15;] + (235)
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and the torque on ug due to QF is

1y, b
FiQba _ Qe

i 1 3
S ATy 417&“{;2 ’P‘{,i

[2(c:j — Beicy) e + 2ciei] - (236)

g:

Note, that there are no actions of the reaction field on forces and torques of the interaction
of point dipole and point quadrupole.
A.5.3 Pressure

In analogy to Equations (191) and (192), the pair virial for the interaction of point dipole
and point quadrupole is

OukQab
il > .
w;“j = 1’23'—-5? (237)
or
Quab
Quab du
we =g 238)
ij t] arij (
o _4uQW1b_

A.5.4 Chemical Potential

The Lennard-Jones contributions to the interaction energy t,, cf. Equation (150). are
given in Appendix A.1.4. The additive contributions to ¥;, due to the interaction of
point quadrupoles, point dipoles, and the reaction field are given in Appendices A.2.4 and
A.3.4. The additive contributions to ¥, due to the interactions of point dipole and point
quadrupole are

m N
= i (u;;% 3 ug““") , (239)

b=1 31=1

Tij<re
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A.6 Interaction of a Set of Point Charges and Point Quadrupole
or Point Dipole

A.6.1 Internal Energy

A binary fluid mixture of a component a bearing point charges and a dipolar-quadrupolar
component b is considered. Each molecule of component & has a point dipole and a
point quadrupole in its center of mass. The pair interactions between point quadrupoles,
between point dipoles, between sets of point charges, and between point quadrupoles
and point dipoles are deseribed in Appendices A.2, A.3, A4, and A.5. The interactions
between a point dipole and a set of point charges are described for reasons of completeness,
they were not required in the present work.

Presuming, that the point quadrupoles do not influence the reaction field of the point
charges, both the dipolar momenta of the sets of point charges and the point dipoles
contribute to the reaction field. Therefore, the reaction field EEF“ for a cut-off sphere
centered on the center of mass of a-molecule i, is

Na Ny
B =y pEroy i (210)
i S

The mathematical expression for the reaction field Efb for a cut-off sphere centered on the
point dipole g8, of b-molecule j, is identical to the expression in Equation (240). According
to Chapters A.3 and A.4, the reaction field acts on the point dipoles on molecules of species
b and on the sets of point charges on molecules of species a. The reaction field does not
act on the interactions of sets of point charges and point dipoles or point quadrupoles.

The pair interaction potential of the point charge ¢, on a-molecule 7, and the point
quadrupole @% on b-molecule 4 at distance ri,g, = Tis =T is [150, 233]

9Qub J_M(gmﬁgm_n, (241)
isi = deq 41

and the pair interaction potential of the point charge ¢, on a-molecule 7, and the point
dipole #f{b on b-molecule 7 at distance 7y,gj, 18 [150, 233],

b
u(."'ua.b = —rl——‘—qgna#jb cos 6,-‘, &t (242)
iasis dreg 7L,

and 6;, is the angle between the distance unit vector

wherein r; .. = lri.l
o el of the point quadrupole or the

€i.si, = Ti,sj,/Tiasi, and the orientation unit vector ej,
point dipole, i.e.

243

CcOos Bi.,a = €y, * Ciusjy- ( )
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Consequently, the pair interaction potential of the set of point charges on a-molecule
i, and the point quadrupole on b-molecule j, is

e b
2190 — ik qi"’Q_-”’ (3(3052 Biis — 1) s (244)

iajy 3
47eg = dr?

and the pair interaction potential of the set of point charges on e-molecule i, and the
point dipole on b-molecule jj is

b
1 s
gow — =2 08 0. (245)
dmeg <= T2 4,

Then the total electrostatic energy that contributes to the configurational part of the
internal energy is
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A.6.2 Forces and Torques

The forces and torques between pairs of point quadrupoles, between pairs of point dipoles,
between two sets of point charges, and between a point quadrupole and a point dipole are
given in Appendices A.2, A.3, A4, and A.5.

The force on gf, due to @5, is [305]

JuiQet g aQab

qQab _ _ FTasjy _ “iagj,
o arjbins 31'1'“.1;55
1 3¢..Q5,
Loy 0, [2cos8;,, - €, + (1 — 5 cos? Biis) €cais) + (247)
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i a - (/5
and the force on ¢, due to uj, is

dutmsb  gyauat

- ot
1285y C‘)T‘jb,-u‘, Briﬁsjb
1 g u
= _4_—?TE‘0 “—risj: (ej,, —3cosb;,, - eiasj,,) I (248)
The force on Qf,’h due to g2, is
F ﬁ:qu = ‘Fg..qa;:: (249)

and the force on 4% due to g2, is

Fios =—Fie (250)

Jbias 1aS7s"

The torque on the point dipole u?h due to the spherically symmetric electrostatic field of
the point charge g is
1 pd,
Tt = T X €y,

47eg Tiion

and the torque on the a-molecule iy bearing the set of point charges due to the point
dipole 1% on b-molecule j, is

ab
TR =N Afe, o A (252)
s

(251)

The torque on the point quadrupole Q?,, due to the spherically symmetric electrostatic
field of the point charge ¢? | is zero, and the torque on the a-molecule ¢, bearing the set

of point charges due to the point quadrupole Q% on b-molecule g is
79 _ ZAr,-a, x FI19% (253)
s

iajs ia8fp"

A.6.3 Pressure

The evaluation of the virials for pair interactions of point quadrll]?ﬂles'_ point dj;;)lﬁ,ﬁﬂ
8¢t of point charges, and point quadrupole and a point dipole is given in Appendices A.2,
A3, A4 and A 5. i adru

In analogy to Equation (223). the pair virials for the interaction of p:?m: qu : epo!m;
or point dipoles with point charges are evaluated by the means of the pair forces, 1.¢.

ob (254)
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A.6.4 Chemical Potential

The Lennard-Jones contributions to the interaction energy s, and ¢;,. cf. Equation (150),
are given in Appendix A.1.4. The additive contributions due to the interaction of point
quadrupoles. point dipoles, sets of point charges, and the reaction field are given in Appen-
dices A.2.4, A.3.4, and A.4.4. The additive contributions due to the interactions of point
dipole and point quadrupole are given in Appendix A.5.4. The additive contributions due
to the interactions of point quadrupoles and sets of point charges or point dipoles and

sets of point charges are

and

Ny
Qab
2 Y ), (256)
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Tigdy<Te
Na

Q ba
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Appendix B Derivation of the Chemical Potential

The following derivations of the chemical potential start from Equation (58) in Chapter
24.2.
Derivation for a'-components

The evaluation of Equation (58) with Equations (49), (50), and (52) yields

N+, JaN,
Nl Wi s J

(Ng + 14:)! {V)f',';} A:‘r‘;r(Nﬂ,Hu’)
s = = )

Qfpr (Na + o) (258)
Qfr (Nar)

Assuming, that the volumes and the numbers of molecules in the system containing

Nyt + 1 molecules of component @’ and in the system containing N, molecules of com-
ponent a' are approximately equal, i.e.

o (p.T,2) = —kpTln [

—kgTIn [

V)vsrr = (V)nar, (229)
Ny +1y = aty (260)
Equation (258) becomes
1
Mg (p 7 5 .’I:) = —J’CBTIII [‘V)NPT 5 ftrJ
Ne. A2
=2
el | JEET rc‘jd’yflnﬂ'dr‘ngJ' (261)
= —kgTlIn (V)Npre‘ﬁpve—ﬂU”m ..... DY rs,.)na dredv

The additional three position variables of the added &’ molecule are repraﬁ'ented by 75.
For convenience, in Equation (261), and hereafter, all NpT-phase space variable sets are

noted without NpT-index. riat o
With the following decomposition of the potential energy Uy in Equation (261)

Un+1(TS, ..., DS UG, s Thy) = U5, oo Dt oo Do) + 0T, 1, T UG s Tn), (262)
wherein ¢, is the interaction energy of the added a’ molecule with all other molecules in
the mixture (cf. Appendix A for its calculation) and with

Nyp= xa‘N‘l (263)

Equation (261) becomes

Vmr 1 In Z:
to (p, T, @) = —kBTlﬂ[ N Al i

[ [[e<drg] 80D I, arsav] (264)
—kp7In (V)MTIE—,S(UN"'FV) I, drsdv’
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With the position average of e« within the volume V/

(™), = Tlf’ j e Hedaf, (265)
Equation (264) becomes
1
Fat (}J,T, 1:) = kBTiﬂ [( EV%T f‘r} - kBT In Tyt
A
J'V et} e=APV g=BUN I1, aredv 5
3 7 = 3 266
kgT'In [ AEuT fe gpve—ﬁfm HG aT;dV J (266)

which is Equation (59) in Chapter 2.4.2 for an @’ component.
Derivation for a”-components

In order to obtain a compesition dependent contribution to the chemical potential
also for a"-components, a modified form @4, y ;- of the ideal contribution of the NVT-
partition function is used. It is independent of the factorial of the number of molecules
and is, hence, defined as

Q% v = Nort 2 @9 v, (267)
wherein @4, ;- according to Equation (35). Then the ideal contribution to the NpT-
partition function, cf. Equation (51), is rewritfen as

(V)

Q?*.prr = N Qa" NVT: (268)

The evaluation of Equation (58) with Equations (49), (52), (268), and with the approxi-
mations according to Equations (259) and (260), yields

Vwr Qfg'._NVT (Naw + o)
N Q:ﬂwvr (Nar)
Qfor (Nan + 1)
QR&;T (Na”)
WMwr 1
N Re(D)
—Bbagac 1 o=BUn+oV) 3
kTln [ [[e™adys] e P dledV
Vg J e POn I 1, dTsdV

which is Equation (59) in Chapter 2.4.2 for an o’ component. In Equation (269) the
position variables 5" and orientational variables 75 of the added a” molecule are

contained in 95.. In Equation (269) the ideal term

Har (paTra:) = —kBTlni:

—kpgTIn ‘:

= —kgT'ln [ } + kaT In Ty

(269)

Ron(T) = _,_iq'_ﬂ(N_”)_ (270)
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Appendix C Technical Details of Simulations

C.1 Vapor-Liquid Equilibria of 2CLJQ Model Fluids

The NpT+Test Particle Method, cf. Chapter 2.5.1, was applied to obtain the vapor-
liquid equilibrium data. NpT molecular dynamics simulations with N = 864 particles for
both liquid and vapor phases were performed. The cut-off radius 7. was set to 5.0 - g,
except for cold liquid phase simulations of some strongly quadrupolar fluids with L* =0,
where values of 7. down to about 4.75 - o were required in order to keep the cut-off radius
smaller than the half simulation box edge length. The dimensienless integration time step
was set to At* = 0.0015. Starting from a face centered cubic lattice arrangement every
simulation run was given 10,000 integration time steps to equilibrate. Data production
was performed for 100,000 integration time steps. The configurational part of the chemical
potential was obtained from insertion of 2 - N test particles in the liquid phase, and N
test particles in the vapor phase per production time step. The dimensionless dynamical
parameter of NpT-MD-simulations ascribed to the box membrane was set to 2 - 1074
for liquid simulations and to 107° for vapor simulations. The high value of N allowed
simulations in the vicinity of the critical point, and the high number of time steps n was
used in order to obtain small statistical uncertainties.

As suggested by Moller and Fischer [282], during test particle insertion, the quadrupole
sites were shielded by a hard sphere of diameter 0.4 - ¢, in order to avoid numerical prob-
lems due to divergence of the energetic contributions in the case of small intermolecular
distances. This hard sphere was not active during configuration generation. For reasons
of consistency, it was applied to all fluids studied here.

C.2 Vapor-Liquid Equilibria of 2CLJD Model Fluids

For most 2CLJD model fluids the simulation parameters were identical to those given for
the 2CLJQ model fluids in Appendix C.1. For the lowest temperatures of four 2CLJD
fluids (L* = 0 with p** = 12, L* = 0 with ¢*> = 16, L* = 0 with g = 20, and
L* = 0.2 with *? = 16), the liquid phase simulations were performed with extended data
production phase (n = 200, 000), and the configurational part of the chemical potentials
was obtained from insertion of 10 - N test particles per integration time step.

At the lowest temperatures (0.55-T7) of the remaining 2CLJD fluids, vapor-liquid
equilibria with very low statistical uncertainties were calculated on the basis of accurate
data on the configurational part of the chemical potential in the liquid phase from the
gradual insertion method, ¢f. Chapter 2.4. Monte Carlo based NpT simulations of the
liquid phases with gradual insertion were performed with N = 864 particles. Starting from
a face centered cubic lattice arrangement, these simulations were given 5,000 Monte Carlo
loops for equilibration. Data production was performed for 100,000 Monte Carlo loops.
One Monte Carlo loops is defined here as N trial translations and (2/3)- N trial rotations
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of non-fluctuating molecules, 10 - N trial translations and (20/3) - N trial rotations of
the fluctuating molecule, 50 - N trial translations and (100/8) - N trial rotations of non-
fluctuating molecules preferentially in the vicinity of the fluctuating molecule, and one trial
volume change. Further simulation parameters for runs with gradual insertion were taken
from [420]. Table 32 gives the definition of the seven intermediate states i for the gradual
insertion of a 2CLJD molecule used in the present work, Multiplication of the 2CLJD
parameters o, £, and g with the scaling factors f,4, f.s, and fui vields the parameters of
the fluctuating molecule in the intermediate state . The point dipole is shielded as soon
as it is allowed to interact, i.e. fui > 0. The parameter L* was kept constant for or all

intermediate states.

Table 32: Intermediate states for the gradual insertion of a 2CLJD molecule.

f a.i f:! f TR Shield
0.0 0.0 0.0 no
0408 (1/6)> 1/6 yes
0.578 (2/6)> 2/6 yes
0.708 (3/6)> 3/6 yes
0.816 (4/6)®> 4/6 yes
0912 (5/6)> 5/6 ves
1.0 1.0 1.0 yes

NSO e Wb e,

Long-range corrections for the dipolar part of the 2CLJD potential model were calcu-
lated with the reaction field method, ¢f. Appendix A.3.

C.3 Vapor-Liquid Equilibria of Methanol

The vapor-liquid equilibrium data of methanol were obtained from the NpT'+Test Particle
Method, cf. Chapter 2.5.1. Vapor-phase simulations shown in the present work .were
Monte Carlo based, as equilibration was achieved substantially faster and e reliably
than with molecular dynamics simulations. For molecular dynamics simulations of the
vapor phase, that are not shown in the present work, it was assumed, that “ie i
distribution in the methanol molecule is men, * Mo ¢ myg = 19 : 12 : fi, Whlf‘.h was
also applied for the definition of the molecular center in all Monte gario Slml:ll&t:JOﬂS of
methanol. The increased hydrogen mass helped to keep the rotational mOt-IOI] Of_the
molecules numerically stable. The results were consistent with results from mmula.tloz
using the physical mass distribution mcg, : Mo : mg = 15 : 12 : 1, that, however, need

very small integration time steps for numerical stability. i :
: . ases with
For the model M, the Monte Carlo based NpT' simulations of the liquid ph

; L ius 15.75 A. Start-
gradual insertion were performed with N = 500 particles ﬂ‘nfi o O.Eradluswaﬁ iven 5,000
ing from a face-centered cubic lattice arrangement, every simulation run & :
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Monte Carlo loops for equilibration. Data production was performed over n = 95,000
Monte Carlo loops. One Monte Carlo loop is defined here as N trial translations and N
trial rotations of non-fluctuating molecules, 10 - N trial translations and (20/3) - N trial
rotations of the fluctuating molecule, 50 - N trial translations and (100/3) - N trial rota-
tions of non-Auctuating molecules preferentially in the vicinity of the fluctuating molecule,
and one trial volume change. Further simulation parameters for runs with gradual inser-
tion were taken from [420].

The definition of the eleven intermediate states for the gradual insertion of a methanol
molecule used in the present work is shown in Table 33. Multiplication of the Lennard-
Jones size paramieters, Lennard-Jones energy parameters, and the point charges with the
scaling factors fa;, foi, and f,; yields the parameters of the fluctuating molecule in the
intermediate state ¢. Furthermore, Table 33 contains the locations of the CH3-, oxygen-,
and hydrogen-sites relative to the center of mass in the principal axis system. All z
coordinates are zero. The location of the Lennard-Jones sites and the point charges of
the CHs-group and the oxygen atom were always identical, whereas the hydrogen-site
moved stepwise outward. The C-O bond length was kept constant for all intermediate
states. Table 33 shows, that the point charges were activated only after the Lennard-Jones
sites were grown to their full size. This strategy helps to enhance the transition between
intermediate states.

The interaction of point charge g; s on molecule ¢ and point charge g;, on molecule j
was shielded by a hard sphere as soon as the point charges were activated, i.e. f; > 0.
For reasons of consistency with literature, according to a suggestion by Lisal et al. [228],
the diameter of the hard sphere was set to 0.8 - gy, With o = (04 + ji) /2 (the
Lennard-Jones size parameter is set to zero in the case of the hydrogen site). However,
without showing the results here, it was verified in the frame of the present work. that the
insertion strategy listed in Table 33 does not require point charge shielding at all. Error
free gradual insertion runs, also in cold, dense liquid phases were obtained without any
shielding. This very satisfactory result allowed to specify the hard spheres diameter, that
will start to influence the interaction energy. It was found, that hard sphere diameters
0.8 o345% are on the edge of getting influence. For correct results, they must not be larger.

For the model My, Monte Carlo based NpT' simulations of the vapor phases were
performed with N = 500 molecules and cut-off radius 17.5 A. Starting from a face centered
cubic lattice arrangement, every simulation run was given 40,000 Monte Carlo loops for
equilibration. Data production was performed over n = 300, 000 Monte Carlo loops. The
configurational part of the chemical potential was obtained from insertion of N = 500 test
particles per Monte Carlo loop. During test particle insertion, the above discussed hard
spheres were used to shield the point charges.

For the model M, the M simulation conditions were applied to the liquid phase
simulations, except for particle numbers N, numbers of Monte Carlo production loops 7,
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and cut-off radii 7. = 17.5A. For 325 K to 405 K, they were N = 864, n = 50,000. For
445 K to 490 K they were N = 500, n = 70, 000.

For vapor phase simulations of the model Moy, the vapor-phase simulation conditions
of the model M were applied, but with data production only over 100,000 Monte Carlo
loops.

Long-range corrections for the interaction of the point charges were caleulated with
the reaction field method, of. Appendix A.3

C.4 Vapor-Liquid Equilibria of 2CLJQ/2CLJD Mixtures

The Grand Equilibrium method was applied for the calculation of the vapor-liquid equi-
libria of mixtures. For the adjustment of the binary interaction parameter £, N = 864
particles were used for NpT' molecular dynamics liquid phase simulations and about 300
particles for the subsequent quasi grand canonical Monte Carlo vapor phase simulations.
The cut-off radius was set to 5 - . The simulations were started from face centered cubic
lattice arrangements. The liquid phase simulations were equilibrated over 10,000 time
steps, and data production was carried out for 100,000 time steps (one time step ~ 3 fs).
The configurational part of the chemical potential and the partial molar volume of each
component in the liquid phase were obtained from insertion of 4 - N test particles of each
component per integration time step. The vapor phase simulations were given 10,000
Monte Carlo loops for equilibration and 100,000 Monte Carlo loops for data production.
One Monte Carlo loop was defined as N trial translations, (2/3) - N trial rotations, one
trial particle insertion, and one trial particle deletion.

For most of the vapor-liquid equilibrium isotherms for binary systems shown in
Chapter 6 the number of particles in the liquid phase was reduced to 500, in the va-
por phase the particle number was approximately 250 and the cut-off radius was 4 - in
both phases.

Simulations of ternary mixtures were carried out with 864 particles in the liquid phase
and about 300 particles in the vapor phase, the cut-off radii were 5 - o in both phases.

Long-range corrections for the dipolar part of the 2CLID potential model were calcu-
lated with the reaction field method, ¢f. Appendix A.3.

C.5 Vapor-Liquid Equilibria of the Mixture Methanol + Carbon
Dioxide

The Grand Equilibrium method was applied for the calculation of the vapor-liquid equi-
librja. During the Monte Carlo NpT simulations of the liquid phase, the configurational
part of the chemical potential and the partial molar volume of both components were
obtained from the gradual insertion method. The definition of one NpT' Monte Carlo loop
with gradual insertion and the mass distribution in the methanol molecule are described
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in Appendix C.3. The intermediate states for the gradual insertion of a 2CLJQ carbon
dioxide molecule in the mixture are given in Table 34. The symbols are explained in
Appendix C.2, the factor fg; has got the same meaning for the point quadrupole as the
factor f,; for the point dipole.

For gradual insertion, hard sphere shielding was applied to point quadrupoles and point
charges as described in Appendices C.1 and C.3. The dismeters of the hard spheres that
shield interactions of point charges and point quadrupoles were taken as the arithmetic
mean of the diameters of the hard spheres defined for the point charges and the point
quadrupoles.

All simulations were started from a face centered cubic lattice arrangement,

For the adjustment of the binary interaction parameter &, 864 particles were used for
liquid phase simulations and about 500 particles for the vapor phase simulations. The cut-
off radius was 17.5 A. The liquid phase simulations were equilibrated over 5,000 Monte
Carlo loops, data production was carried out within 45,000 Monte Carlo loops. The vapor
phase simulations were given 20,000 Monte Carlo loops for equilibration in the NVT
ensemble, then 70,000 Monte Carlo loops of equilibration in the pVT ensemble. Data
production was done within 200,000 Monte Carlo loops.

The liquid phases at 208.15 K were simulated with N = 500 particles, cut-off radius
7e=15.75 A, 5,000 Monte Carlo loops for equilibration, 25,000 Monte Carlo loops for
data production. At 323.15 K, these numbers were N = 864, . = 17.5 A, 5,000 Monte
Carlo loops for equilibration, 45,000 Monte Carlo loops for data production. At 373.15 K
they were N = 500, r. = 14 A, 5,000 Monte Carlo loops for equilibration, 30,000 Monte
Carlo loops for data production. For the quasi grand canonical Monte Carlo simulations
of the vapor phases about 500 molecules were used. These simulations were equilibrated
for 20,000 Monte Carlo loops in the NVT ensemble, and 70,000 Monte Carlo loops in the
#VT ensemble. Data production was done within 100,000 Monte Carlo loops. _

Long-range corrections for the interaction of the point charges were calculated with
the reaction field method, cf. Appendix A.3.

Table 34: Intermediate states for the gradual insertion of 2CLJQ ca.fbon dioxide in the
mixture methanol + carbon dioxide. Symbols, ¢f. Appendix C.2.

f . f £d f Qa Shield
00 00 00 10
0408 1/6 1/6
0.578 2/6 2/6
0708 3/6 3/6
0816 4/6 4/6
0912 5/6 5/6
1.0 1.0 1.0

389189 %
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Appendix D Global Correlations

Tables 35 and 36 contain the elementary functions and their coeflicients for the global cor-
relations of the critical temperature T3 (P*2, L*), the saturated liquid and vapor densitjes
p™ (P2, L*,T*), p" (P*%, L*,T*), and the vapor pressure pj (P*?, L*,T*) for the 2CLJQ
and 2CLJD model fluids, ¢f. Chapter 3.2.2. P* symbolizes @* or p*. The control values
below Tables 35 and 36 help to avoid mistyping of the global correlations.

Table 35: Elementary functions ;. &, x; and their coefficients oy, G;, %, as well

as constant e for the correlations T (Q*%, L*), p:(@*.L*), C1(Q** L*) to
CY (@2, L*), and ¢; (@2 L*) to 3 (@2, L*). Notation: £is L*, ¢ is Q"%
Elementary functions  Coefficients Elementary functions  Coefficients
T (g.0) pe(g.0)
ZaT 0.1507579-10F ¢ 1 03143171
T 0.2047231-10! | ¢ ¢ 0.2469999 - 102
¢ —~0.1291671 - 102 ¢ —0.2422011 - 10~?
& 1/(01+6%) 0.3319456 & £2/(0.11+63) —0.1452035
1/(0.1 + £5) 0.4136462 - 10~ £/(0.11 + £°) —0.4259098 - 10~
xi ¢/ 01+4£2) 0.9755649-1072 | y; £2¢%/(0.11+ ) —0.2700883 - 102
g2/(0.1+£5) ~0.1715840 - 10~2 B@?/(011+£5)  0.2785485- 1077
@/Q1+2) —0.8173578 - 103 C@/0114+ %)  0.3007566-107°
/(0.1+67) 0.2301229 - 10—3 Bg3/(0.11+£5) —0.5084756 - 102
Ci(g.9) C3 (g.£)
cgait 0.3019549 el 0.4955956 - 10!
¥ & —0.3796746 - 1073 | o6 g2 0.6125793 - 1072
q 0.6745920 - 10—3 Ui —0.1684225 - 10~
& BJE+04)3 —0.1608258 -1071 | & £ 0.7665178 - 10~
4047 —0.5227964 A 0.4320915 - 10~
xi @/(E+04) 0.1122068- 107! | xu ¢ —0.1489510 - 10~*
GE/(E+04)7 —0.4523730- 102 26 —0.2119930 - 102
CE/(+04)  —0.2711606 - 10~2 P> 0.3030791 - 102
P +0.4)7 0.3949744 - 10~2 % £
(2.9 cY(a.0)
cail 0.6676718-1072 [ ¢ 1 0.1984681 - 107"
P —0.2125521-1072 | ¢ ¢° —0.3677042 - 10~
e 0.5591744 - 10~3 I 0.1251499 - 10~2
&8 —0.5007894-107% | ¢ ¢ —0.5941681 - 107!
“ —0.7089158 - 10~ a8 0.5235979 - 107!
il 0.1218855-1072 | y; ¢3¢ 0.1966272 - 10~
g2 0.8615708 - 102 2 —0.7711454 - 1072
g —0.1407562 - 32 —0.2604483 - 1072
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Elementary fm](:g’n? X Coeflicients f Elementary functions  Coefficients
3 (g alg.f)
c 1 0.1185765-107" [ ¢ 1 0.4333882 - 10°
TR 0.1556412 1072 | 4, 42 0.1503665
a —0.4872161 - 10~2 lisd —0.2085311 - 107!
& ¢ 0.4232978-1071 | &  £2/(¢2 +0.75) —0.1870607 - 10"
& —0.2872173 - 1073 B/ +0.75) —0.7103387
xi q¢ —0.2451944 - 1072 | y; £2g%/(62+0.75) —0.5758677
g2t —0.5240982 - 102 EP/(P+0.75) 0.6802547
Tt 0.1487717- 1072 C@E/(2+0.75)  0.1358236
. = E /(4 +0.75)  —0.1916008
C2 (Qs [) C3 (fo)
& Bis —0.2660590- 10> |[e¢ - =
U ¢ —0.1144385-10! | ¢ & —0.1050248
@ 0.1097780 q —0.3559731 - 1072
& /(€+0.75)2 0.1138729-10° |¢& €08 —0.8836935
2/ +0.75) —0.1082939 - 10°
xi C¢/(E+0.75)2 0.1131664-102 | x; - =
Bg/(6+0.757° —0.1732358- 102 = 7
CP/(E+0.75)2  —0.1609370 - 10! - a7
B /(640758 03026670 - 10! - =

Control values: with Q*2 = 2.5, L* = 0.35, T* = 2.9 the correlations yield
T = 3.6491536, p! = 0.2415375, p'* = 0.5369483, p"* = 0.0233367, p; = 0.0562932.

Table 36: Elementary functions ¢, &, X; and their coefficients oy, B, 7, as well as con-
stant ¢ for the correlations T (42, L*), p% (u*%. L*), Cy (u*?, L*) to Cs (u2.L*),
and ¢, (u*2, L*) to ¢3 (u*2, L*). Notation: £ is L*, m is p*% a3 = m + 88,
a; =m4+70, ag = 0.1 + 2, ag = 0.1+ &, as =011+ &, ag = 0.11 L8,

ar = £+ 0.4, and ag = £+ 0.75.

Coefficients i

Elementary functions Coeflicients ! Elementary functions ‘
T¢ (m,0) | (. ) ,
¢ 1 0.1454013-10' [c¢ 1 0.3157828 |
i m/a? 0.1363894-10° | ¢ m/ai® 0.9871123 - 10"
m2/a; 0.2020243 - 10* m2fa;? —0.1461751 - 10°
& 1/as 0.3269772 & 3as 01475616
1/a4 0.4910240 - 1077 #las —0.4152214 - 192 J
Xi  m/{a® - ag) 0.4239005-10% | x; mfay?-€fas  —0.1010584-10
m?/(a,® - as) 0.6724083 - 10° m?fay® - 2/as 0.4105884 - 13:
m?/(a1® - aq) 0.7913876 - 10% m2/a,® - £ fas 0.5299302 - 1
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Elementary functions Coefficients J;Elemeutary functions Coeflicients
Ci(m. ) Cj(m.£)
R | 0.2951644 e i 0.6484789 - 10~!
¥ m?faz? —0.6339151 ¥ m2/as? 0.7301440
m?fay® 0.3182745 - 10! m?fag® —0.8780100 - 10!
& et —0.2359527 & 2.t —0.6551324
fod 0.5466755 £ 0.1810641 - 10
xi m?fa2® - /a; 0.1449170- 10" | x; m?/ax®- 2 - ¢* 0.4808117 - 10?
m®fas® - £2/a;*  —0.1955388 m3jay® - 2 - et 0.1937455 - 10!
m3/as® - Bla;  —0.5849357 - 10! m2fay? - 63 —0.1320822 - 10?
) Cy(m. 1)
e i —0.7258204-10~2 [ ¢ 1 —0.5486341 - 10—2
¥ m?fas? —0.6215183 ¥ m2/as? 0.1223952 - 10
m?/az® 0.4708560 - 10! m? fay? 0.1350701 - 10!
& et 0.4316296 &  Plar? 0.2479957
@ —0.1166922 - 10" &/ar —0.1684560
Xi mfa?-Efar®  —02215021-102 | x; m/ai?-Efa;?  —0.1956742 - 107
m?ja\® - £ faz?  —D.7803181 - 10° m?/a,® - 3)a;?  —0.2289032 - 10°
mfa;?- € faz —0.5735507 m?/a,3 - 3 /ay 0.7221121 - 103
Cy(m. ) a (m, )
7N 0.2574709-1071 [ ¢ 1 0.4411718 - 107
¥ mla;? —0.2040407 - 10" | o  m/ay? 0.4575129 - 10°
m?fa;® —0.1008706 - 10° m?/a,® 0.2469929 - 10
& Plar? —0.9426323-107! | & /as® —0.2016356 - 10°
&lag 0.1108324 #/az 0.4346103
xi mfa?-2/a? 0.2543158-10% | x; m3/a:® - 2/ar? 0.9787962 - 10°
mfa® - 2 far? 0.5987224 - 102 m?far® - € /az 0.2467171 - 10*
m?fa,® - Bla;  —0.6511462 - 10° - -
ez (m, {) 3 (m, €)
e —0.2686327-10° [c¢ - =5
¥ mfa? —0.3428826-10* | ¢; m/as> —0.5264G89 . 10°
m?fa® —0.8720808 - 107 m? /g 0.6782756 - 10
& 2lag? 0.1275315-10° | & & 0.1812550
£ fag? —0.1393077 - 10° - -
Xi mfai?-£2/ag? 0.7248855-10% | x; — =
m?fa,® - 2 fag? 0.5715498 - 10° - -
m?fa;® - Blag®  —0.7433962 - 10° x 2

Control values: with u*? = 10, L*

T? = 4.3461035, pf = 0.2279013, p'*

0.35, T* = 3.4 the correlations yield

= 0.5325071, p"* = 0.0150705. p}, = 0.0416502.
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Appendix E  Details on the choice of the model type

For monatomic fluids, i.e. the noble gases neon, argon, krypton. and xenon, the spherical
unpolar Lennard-Jones model was used. Neglecting the only weak octupole of methane,
also an unpolar Lennard-Jones model was chosen for that fluid. For these fluids the
adjustment of the Lennard-Jones parameters according to Equations (132) to (134) was
carried out with the vapor pressure and saturated liquid density correlations for the 1CLJ
model fluid p, (T*) and p”* (T*) from Lotf et al. [234], as they yield slightly better results
than the present global correlations for @*2 = 0 or y*2 = 0 with L* = 0.

For symmetrie diatomic quadrupolar molecules. i.e. oxygen. nitrogen, and the halogens
fluorine, chlorine, bromine, and iodine, all-atom 2CLJQ modeling was evidently a good
choice.

For other symmetric quadrupolar fluids, that are the rotationally symmetric earbon
dioxide, carbon disulfide. and ethyne, the planar symmetric ethene, perfluoroethene, per-
chloroethene, and propadiene, and also ethane and perfluoroethane, united-atom model-
ing was assumed. United-atom modeling means, that each of the two Lennard-Jones sites
represents groups or parts of bonded atoms.

In the sense of united-atom modeling, two-center Lennard-Jones based models are
also justified for fluids like tetrafluoromethane, tetrachloromethane, or sulfur hexafluoride.
Quadrupolar modeling was chosen for these fluids in order to verify to which extent the
quadrupole, as the polarity “closest” to the octu- or hexadecapole of these molecules, is
able to account for these higher polarities.

The multipolar fluids modeled in the present work are at least both dipolar and qua-
drupolar, and additionally in some cases even octupolar [132]. Symmetric and unipolar
2CLJQ and 2CLJD models were developed for these fluids. The application of these
symmetric unipolar molecular models to asymmetric multipolar molecules is a considerable
but justifiable simplification. Despite the simplification, a physical interpretation Df‘ the
model parameters is still possible, as important contributions of the molecular illtf!l'f_i(:tlOjls
are still accounted for. Criteria for deciding between dipolar or quadrupolar modeling are

discussed hereafter.
Halogenated methane derivatives are considered first.

® Mecthane derivatives with a single halogen substitute: The ha.logt.en substitu_te ]12 s
(CH,F), CH4C), CH,Br, and CHyl causes di- and quadrupolarity. The dipole mo-

‘Hsl, the
mentum decreases slightly from about 1.8 D for R4L to about iﬁf D ;jf;ljsaboﬁt
quadrupole momentum increases considerably from about 0 DA for

5 DA for CHalI [132]. Therefore, 2CLJD modeling is reasonable for R41 a.nu(ll CI;ILs(i
Despite the strong quadrupole, 2CLJD modeling was aJso. used for th'e st;l co Siln
erably dipolar CH;Br and CH,I. The model parameter j .:s not steadily e;creas 8
for tl;ose four fluids, as it has to compensate for the lackan quédm}:(:]e,dagw =
its value of roughly 2 D is still reasonable compared to the experimen :
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o Methane derivatives with two identical halogen substitutes: For these fluids (R32
(CH5F5), CHyCls, CHyBrs, CH,l,) parameters for the spherical Stockmayer fluid
are given. It is not reasonable to apply the present 2CLJD model with L > 0 to
these fluids. as they would require a dipole orthogonal instead of parallel to the
model’s elongation. Elongated 2CLJQ modeling can be reasonable for the larger
molecules, i.e. CH5Cly, CH;Brs, CHsl,. Indeed, as an alternative to the proposed
2CLJD model an accurate 2CLJQ model was found for CHsBrs, ¢f. Tables 9 and
10. For 2CLJQ modeling of CHal, reduced squared quadrupole momenta Q*? > 4
would be needed. Therefore only a 2CLJD model is given in Table 10.

e Methane derivatives with three identical halogen substitutes: Shape and polarity of
these fluids (R23 (CHF3), CHCI;, CHBr3) are difficult to describe with the 2CLJD
or the 2CLJQ model. Although the reduced elongation L* = L/c of the 2CLJD
models for these fluids are somewhat too large - one would expect more compact
models - they yield a good description of the vapor-liquid equilibria.

o The remaining methane derivatives: These fluids are R11 (CFCl;), R12 (CF,Cly),
R13 (CF3Cl), R13B1 (CF3Br), R22 (CHF,Cl), CHyBrCl, CHFCls, CBryF5, CBrCIF,,
and CBrCl;. The size differences of the halogen substitutes makes it easy to jus-
tify united-atom modeling with two-center Lennard-Jones based models. The equal
size of the Lennard-Jones sites is oviously a simplification. Again, only the dipo-
larity of these fluids was modeled. Typically, the molecular dipole vector will be
inclined to the model’s elongated axis. The axial dipole vector of the 2CLJD model
is considered here as a projection of the molecular dipole vector on the model axis.

Generally, for halogenated methane derivatives 2CLJID modeling was chosen, as results

from 2CLJQ modeling generally yielded less convincing results.

Next, halogenated ethane and ethene derivatives are considered.

o Ethane/ethene derivatives with only one kind of halogen substitute: The resulting
dipole vector of molecules whose halogen substitutes are located on one side of the
molecule only (R125 (CHF,—CF;), R134a (CH.F—CF;), R143a (CH;—CF;), R152a
(CH3—CHF;), CH,F—CHj,, CHCl,—CHj3, CH,Br—CH,, CHBr,—CH;, CHF =CHo,
CF2=CH,, CHCI=CHj) or whose halogen substitutes are asymmetrically distributed
on both sides of the molecule (CHCle-CH,Cl, CH;CHCCls, CCla—CHs), has an axial
component that justifies 2CLJD modeling. As an exception, 2CLJQ modeling of the
only weakly dipolar fluid CCl,=CHCI was more accurate than 2CLJD modeling. If
the halogen substitutes are symmetrically distributed on both sides of the molecule
(R134 (CHF—CHF;,), CH;Br—CH,Br), the axial component of the resulting molec-
ular dipole vector disappears and, therefore, 2CLJQ) modeling is reasonable. The
molecules CH:F—CH,F, CH,CHCH,Cl, CHCl,—CHCl,, and CHBr,—CHBr, would
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fit in this latter category, but models are not given in the present work for these
fluids, as. in these cases, 2CLJQ modeling would require quadrupole momenta or
elongations higher than those available in the present 2CLJQ correlations.

Fluorinated-chiorinated ethane/ethene derivatives: 2CLID modeling is justified due
to sufficiently high dipole momenta caused by asymmetry when i.) the halogen
substitutes are found on one side of the molecule (R141b (CH3—CFCl,), R142b
(CHsCF,CI)), ii) fluorine is found on one side and chlorine on the other side of the
molecule (R123 (CHC1;-CF3), CH,F-CCly, CHCI=CF;), iii) fluorine is found on one
side and the other side has substitutes with not more than one flucrine atom (R124
(CHFCI-CF3)), iv) chiorine is Iocated on one side of the molecule, the other side has
fluorine or chlorine substitutes (CCly—CF;Cl). For R115 (CF2CI-CF3) it was more
reasonable to choose the 2CLJQ model. As an exception, for the weakly dipolar
fluid CFCI=CF, 2CLJD modeling yields better results than 2CLJQ modeling. For
other fluorinated-chlorinated fluids (R113 (CFCl,—CF,Cl), R114 (CF,CI-CF,Cl),
CFCl,—CF,Cl) dipole momenta are weak and strong quadrupole momenta can be
expected, so 2CLJQ modeling was used.

Fluorinated-brominated ethane/ethene derivatives: Rules similar to fluorinated-chlo-
rinated ethane/ethene derivatives apply. In analogy to R114 (CF;CI-CFCl). a
2CLJQ model is justified for CBrF;—CBrFy. Similarly to CFCl=CF,, 2CLJD
modeling of CFBr=CF, yields better results than 2CLJQ modeling.

Fluorinated-chlorinated-brominated ethane derivatives: Rules similar to ﬂuormatefs
chlorinated ethane/ethene derivatives apply. A 2CLJD model was used for the flui

CHCIBr—CFs.

Overall, 2CLJD modeling was chosen for most multipolar fluids, due to th;b:t:l:
description of thermophysical properties. This finding is supported by the fa:;c_ ‘;nter-
lowest, non-disappearing multipole momentum usually dominates the electrostatic

actions of a given molecule, cf. [303].
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Appendix F Experimental Database

Table 37: Experimental database for vapor pressures p,. saturated liquid densities p/,
and enthalpies of vaporization Ah, used in the present work.

Fluid AR Eluid Dy g Al
Ne [264] [55] [67) Ar [376] [376] [376]
Kr 7] [55] [67] Xe 671 [B55] [67]
CH, [354] [354] [354] Fy [264] [55] [67]
Cls [320] [55] [67] Brs 67 [353] [67]
1 671 [55 [67) N [157] [157) [157]
0, [352] [352] [352] CO, g7 @7 [87)
CS2 671 67 [251] CoHg 115) [15] (115
C;H, [158] [158] [158] C2H, [318] [67]  [67]
CyFe (188] [188] [188] CaF4 329] [67] [67]
C5Cly [329] [67] [67] Propadiene 671 [55 [67]
SFs 671 [67] [67] CF, (320] [320] [320]
cel [264] [67] [110] co [200] [209] [200]
Ril [156] [156] [156] Rr12 [258] [258] [258]
R13 [248] [248] [248) R13B1 671 [67] [67)
R22 [167] [167] [167] R23 [317] [317] [317]
R32 [393] [393] (393 R41 [145] [145] [145)
R113 [258] [258] [258) R114 [329] [67] [67]
R115 [154] [154] [154] R123 [444] [a44] [444]
R124 [r9] [r9]  [79] R125 [207] [207] [207]
R134 [67] [67) [67] R134a [392] [392] [392]
R141b [210] [210] [210] R142b [211] [211] [211]
R143a [208] [208] [208] R152a [311) [311] ([311]
R161 67 67 [67) CH;Cl [329] [67] [67]
CH3Br 67 [67] [67] CHal 67 [67] [67)
CH,Cl, [353) [67]  [67) CH,Br, 67 67 [67)
CH.I, [67] [67] [67] CH,ClBr [67] [67) [67]
CHCl, [671 [67] [67] CHBry 67] (67} [67)
CHFCl, 67 [67] [67] CF4Br; [67] [67] [67]
CF2CIBr [67] [67) [67] CClsBr 671 [67] [67]
CHCL—CH; [67] [67] [67] CHCL-CH-Cl [329] [67] [67]
CCl;-CH3 [329] [55] [67] CCl;—CH,C1 [67] 67 [67]
CH:Br-CH;  [67] [55] [67) CH,Br—CH,Br [329] [67)  [67]
CHBr,—CHj [67 [67] [67] CClL—CH,F 67 [671 [67]
CHCIB—CF,  [67] [67)  [67] CCl—CF2Cl [B7) BT [67)
CF2Br—CF,Br [329] [67]  [67)] CHF=CH, [329] [67] [67]
CF,=CH, [329] [67] [67) CHCI=CH, (3201 [67] [67)
CCL=CHCI  [329] [67] [67] CHCI=CF, 677 [67] [67]
CFCI=CF, [329] [67] [67) CFBr=CF, 67 [67] [67]

Propylene [5] [5] [5] Propyne [329] [55] [67]
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Appendix G Sign of the Quadrupole Momentum

For several pure fluids the sign of the momentum @ of the elongated point quadrupole in
the 2CLJQ potential function, ¢f. Equation (183), was determined. The momentum Q
is the component Q.. of the quadrupole tensor @ of a symmetric elongated quadrupole.
This type of quadrupole consists of the charges g, —2q, ¢ at distances a along the z-axis,
With the origin of the (z, 3. z)-coordinate systen located in the central —2¢ charge, the
charge density p(z,y. z) of that quadrupole is given by

P(z.y.2) = ¢ 6(z) - 6(y) - (8(z ~ a) — 28(2) + 6(z + a)) , (273)

wherein Dirae d-functions are used, and its quadrupole tensor is {150, 305]

-1Q. O 0
Q= 07" PRl e (274)
0 0 QZZ
wherein
Q. =4 (275)

Equations (273) and (275) show, that Q,, > 0 for g > 0, L.e. charge arrangement + — —+,
and @,, < 0 for ¢ < 0, i.e. inverse arrangement — + +—, Consequently, the sign of @
is determined when signed values for @, are available from experiment, calculation, or
estimation.

Signed values of Q,, from experiment are available from Gray and Gubbins [132] fmd
from Stogryn and Stogryn [377] for the symmetric molecules fluorine, chlorine, bromine,
iodine, nitrogen, oxygen, carbon dioxide, carbon disulfide, ethane, ethene, ethyne, and
propadienc. These signs of Q.. were adopted as signs of the model parameter @ for these
fluids, ¢f. Table 8.

For the perhalogenated molecules CoFy, C2Cly, and CyFy the signs of Q.. were deter-
wined with the bond dipole method [94], that yields @.: < 0, and thus @ < 0, f?f _thﬁe
three molecules. This result is physically reasonable due to the high e]ectroneg:?tmty of
fluorine and chlorine atoms. For propyne, the bond dipole method yields a negative value
of Q:: <0, ie. Q <O0.

In the (:achof propylene, R113, R114, R115, R134, ('_'-Hzl_3r2. CHQBI—CH:B.I"
CBrF;—CBrF,, and CCl,=CHCI, whose molecular charge distributions are asymme ;:)c
the description of the quadrupole tensor requires two principal quadrupl()le mominml; ncl;
example Q. and Q.., with Quy = — (Qzc + @=:), that can be determined by Ee e&ﬂ"m :
dipole method. However, only a squared effective quadrupole momlem;mn can vy
lated in these cases, which is useless for the determination of the SJAg‘l.J of Q. Tede;i (:;:e.
the influence of the sign inversion on vapor-liquid equilibria was empirically test

example of propylene as described in Chapter 6, cf. also Table 28.
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Appendix H CAS Registry Numbers

Table 38: CAS Registry Numbers (CAS RN) for the fluids modeled in the present work.

Fluid CAS RN Fluid CAS RN
Neon (Ne) 7440-01-9 Argon (Ar) 7440-37-1
Krypton (Kr) 7430-00-9 Xenon (Xe) 7440-63-3
Methane (CHy) 74-82-8 Fluorine (F3) 7782-41-4
Chlorine (Cly) 7782-50-5  Bromine (Bra) 7726-95-6
Todine (I3) 7553-56-2 Nitrogen (N2) T727-37-9
Oxygen (03) 7782-447  Carbon dioxide (CO2) 124-38-9
Carbon disulfide (CS») 75-15-0 Ethane (C;Hg) 74-84-0
Ethene (CoH,) 74-85-1 Ethine (C,H,) 74-86-2
Perfluoroethane (C,Fg) 76-16-4 Perfluoroethene (CzF4) 116-14-3
Perchloroethene (CoCls) 127-18-4  Propadiene (CH)=C=CH,)  463-49-0
Sulfur hexafiuoride (SFs) 2551-62-4 Tetrafluoromethane (CF,) 75-73-0
Tetrachloromethane (CCly) 56-23-5 Carbon monoxide (CO) 630-08-0
RI1 (CFCl) 7569-4 RI2 (CF,Cl) 75-71-8
R13 (CFsC) 75-72-9  R13BI (CF3Br) 75-63-8
R22 (CHF,CI) 75-45-6 R23 (CHF3) 75-46-7
R32 (CH,F2) 75105 R4l (CHsF) 593-53-3
R113 (CFCL~CF,Cl) 76131  R114 (CF,CL-CF,Cl) 76-14-2
R115 (CF2CICF3) 76-15-3 R123 (CHCI;—CF3) 306-83-2
R124 (CHFCI-CF3) 2837-89-0 R125 (CF3;—CHF3) 354-33-6
R134 (CHF,—CHF,) 359-35-3  R134a (CF4—CH,F) 811-97-2
R141b (CFCl,—CHjy) 1717-006  R142b (CF,CI-CH3) 75-68-3
R143a (CF;—CHj) 420-46-2 R152a (CHF;—CHaz) 75-37-6
R161 (CH,F—CH3) 353-36-6 CH3Cl 74-87-3
CH;3Br 74-83-9 CH3l 74-88-4
CHxCl, 75-09-2 CH3Br, 74-95-3
c‘HgIz 75-11-6 CHQC].B]' 74-97-5
CHCl3 67-66-3 CHBr3 75-25-2
CHFCl2 75-43-4 CF,Bry 75-61-6
CF,CIBr 353-59-3 CCl3Br 75-62-7
CHCI:—CH3 75-34-3 CHCl,—CH;Cl 79-00-5
CClz—CHz 71-55-6 CClL3-CH,CL 630-20-6
CH;Br—CHj3 74-96-4 CH2Br—CH,Br 106-93-4
CHBr;—CH, 557-01-5 CCl3—CH,F 27154-33-2
CHCIBr—CF4 151-67-7 CCli3—CF,Cl1 76-11-9
CF,Br—CF,Br 124-73-2 CHF=CH,; 75-02-5
CFo=CH, 75-38-7 CHCI=CH, 75-01-4
CCl,=CHCl 79-01-6 CHCI=CF, 359-10-4
CFCI=CF, 79-38-9 CFBr=CF, 598-73-2
Propylene (CH;=CH-CH3) 115-07-1 Propyne (CH=C—CHj3) 74-99-7
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Appendix I Optimization Method

The tuning of parameters of molecular models for accurate deseription of thermophysical
properties can be a tedious task, for which methods are needed, that allow a systematic
model optimization. Beyond grid search algorithms, further methods have been suggested
for that purpose.

Njo et al. [304] applied the weak-coupling method for model parameter optimization.
This method allows automatic optimization of model parameters during a molecular sim-
ulation run by coupling the time derivatives of these model parameters to the deviation
of a thermophysical property from its specified value. Though good for fine tuning, prob-
lems occur when the considered thermophysical properties, for example the pressure, the
density, the internal energy, or the chemical potential, are significantly influenced by more
than one model parameter, which is generally the case. Moreover, the weak coupling
method was not extended to optimization at more that one state point, and it was not
yet applied to phase equilibrium states.

A robust and widely used algorithm is stochastic simplex optimization, cf. for example
the work of Faller et al. [96]. Stochastic simplex optimization shows slow but stable
convergence and is convenient to automatize, but, due to the stochastic advancement, it
does not take advantage of the knowledge about the model. Thus, this method would not
allow to make use of knowledge gained from 2CL.JD/2CLJQ-modeling.

Further optimization methods rely on genetic algorithms and neuronal networks [155,
425], which are claimed to be particularly efficient for high-dimensional optimization prob-
lems.
In the present work, a method based on sensitivities, that quantify the influence of
model parameters on the thermophysical properties, is used for the optimization of the
parameters of the models of ethylene oxide and methanol. The present method has
many similarities with that suggested by Ungerer at el. [397]. that later was modified
by Bourasseau et al. [27].

The optimization method relies on a least-squares minimization of a weighted fitness
function F, that quantifies the deviation of thermophysical properties calculated &?m
a given molecular model compared to experimental data. The weighted fitness function

writes as
(276)

F=3 _1_2 (Aisim (Mg) — Aexp)®

1

d &= (6 A;m)

Wherein the n-dimensional vector My = (mo1, - Mg,) is a short-cut notatio{n T
of n model parameters mor, ..., Mon to be optimized. Equation (276) a.llows.mmulta'neo;s
adjustment of the model parameters to different thermophysical pl'.OPCFtWS A (in the
present work: saturated liquid densities p’ and vapor pressures p, at various temp erat'uresez{-
The deviations of results from simulation A;gm to experimental data As ep aTe Weight

with the expected simulation uncertainties 0A; sim-

d
i=
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Correlations of experimental data of the saturated liquid density and the vapor pressure
were used to obtain values for pf ., and P esp. The influence of the fluctuations of
simulation data on the optimization process was damped by using in Equation (276)
temperature dependent, smoothing correlations for p’ and p, according to Equations (123)
and (126), which were adjusted to the saturated liquid densities and vapor pressures from
simulation.

The optimized model parameter set Moper = (Mopti 1. ---: Topt1n) is found from mini-
mizing the fitness function (276). For that purpose, the unknown functional dependence of
the property A on the model parameters is replaced by a first order Taylor series developed
in the vicinity of the initial model parameter set My

aAz Sim

Assim (Mopt) = Aisima (Mn)+2 + (Mopt1; — mo;) - (277)

The partial derivatives of A; with respect to each model parameter m; are the sensitivities,
that indicate the influence of the model parameters on the thermophysical properties. The
sensitivities are approximated by difference quotients

AAi,sim 15 A:stm(ml]l ----- moj+Am,, :mﬂn)_ ‘lel.n(m[ll ----em'ﬂn) (278)
Amj /_\mj i

With this approximation the minimization problem becomes

i A4 j
-Fapp == &' Z = .slm (MO) o+ Z H (mopt] i m[}j) T Ai‘exp ~ min. (279)
= (04igm) =

The sensitivities are evaluated by the means of molecular simulations with n modified
model parameter sets. The condition of Equation (279) is fulfilled when

OFupp 1

optl j

0. (280)

Equation (280) is a system of n linear equations that yields the optimized model parameter
set M pe.-

Generally, further improvement of the model parameter set M,y is possible by re-
iterating the optimization on the basis of the model parameter set obtained from each
iteration step. As the evaluation of the sensitivities by the means of molecular simula-
tions is the time consuming step in each iteration, it would be convenient to evaluate them
with the use of simulation results from previous iterations. To allow this, further itcra-
tions should, whenever possible, not be done with normal sensitivities, i.e. sensitivitics
due to the variation of only one model parameter, but with transformed sensitivities, i.e.
sensitivities due to the simultaneous variation of all model parameters. For the case of
two model parameters m; and ms (n = 2), this approach is explained here and illustrated
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in Figure 72. In the two-dimensional parameter space, Figure 72 shows the model param-
eter set My and the two model parameter sets My, and M, needed for the evaluation
of the normal sensitivities along the vectors s; and 8;. The model M o1 resulted from
the optimization of model My on the basis of these normal sensitivities. If the optimiza-
tion of model M, was continued on the basis of normal sensitivities, time consuming
molecular simulation with the model parameter sets M3 and My would be required in
order to evaluate the normal sensitivities along the vectors s3 and s;. In contrast, the
optimization of model My on the basis of the transformed sensitivities along the vee-
tors £; and £, reuses the results for models My and M, and, thus, avoids a multitude of
molecular simulations. In this case, the minimization problem is not solved in the original
parameter space, but in the (£;.%;) parameter space described by the vectors £, and &3
with origin in M. The resulting parameter set sztg = (@pea1: Uopa2) i the (81, £2)
parameter space is easily transformable to the original parameter space. The superscript
“t” indicates, that the parameter set is described in the (¢, ¢;) parameter space.
It is clear from Figure 72, that in the (2;, £;) parameter space, it is

M =20 (281)
M = t, (282)
Mi =it (283)

and the variations Am; of the model parameters become equal to unity. Therefore, with
model parameter sets expressed in the (£, £2) parameter space, the approximated Taylor
series, cf. Equations (277) and (278), becomes here

2
-"’:.sml (nfi\ptﬂ) = Aisim (01) ot Z [Aislm(tJ) i A‘vﬁlﬂl(ot)] 7 af:pﬂi‘ (284)

7=1

As the properties A do not depend on the choice of the model parameter space, Equation (284)
can conveniently be rewritten in terms of the original model parameter space

: ‘ (285)
Aisim (M ope2) = At giza (M) + Z [Assima (M ;) = Asim(Mo)] - opa;

=

t,) parameter space. With Equation (285)

wherein the new parameters af,, ; are in the (t1;

the optimization problem becomes

2
d 2 ,:' &
‘Fipp = % z -———'1 (4 . (Mo) & Z [Auim(Mj) = Aiaim(MD)] 2 a;ptzi) ~min,(256)
: 5A Ajsim
i=1

1.5

g=1

which is fulfilled when

OF iy (257)

t
aﬂoptg i

.




206 APPENDIX I OPTIMIZATION METHOD

Equation (287) is a system of linear equations that yields the optimized model parameter
set Mo = (@l pra1s Topraz) It the (t1,t,) parameter space. The parameters g2, and
al o AT transformed to the original parameter space M e = (Mapi21, Mopt2 5) by

Moz = Mo+ abpaaty + ahpzate
— MD‘)‘[I;mz]'(MJ_M0}+a’t}pt22‘{M2*M0}' (288)

Mo Mﬁ’

Moo 2

Mlopil 2

mg] mgpu 1 mnpa 1 iy

Figure 72: Optimization of two model parameters m; and M2 (i.e. n =2) in the original
parameter space and in the (#;,%;) parameter space.

The generalization of Equations (283) to (288) to the case of n model parameters is
straightforward.

Note, that the optimization in the (#1.12) parameter space is only possible, when the
unit vectors t; form a complete coordinate base in the model parameter space. QOtherwise,
at least one new sensitivity analysis per pair of collinear vectors must be performed. Figure
79 shows such a situation after the second iteration, that yielded the model parameter
set M gpia- The vectors pointing from Mopez to M and to M are almost collinear. For
continuing the optimization of Moy it is therefore advicable to evaluate for this model
parameter set af least one new sensitivity in the original parameter space.

Provided that a physically reasonable model structure has been chosen and that suf-
ficiently accurate simulation methods are available, this optimization method is good for
improving coarse molecular models and for fine tuning of model parameters and can yield
molecular models that describe the desired thermophysical properties with high accuracy
This method shows rapid convergence.
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Zusammenfassung -

Zusammenfassung

Die Entwicklung neuer S(.‘i1Iiisscltcchm)logien im 21. Jahrhundert, wie der Biotechnolo-
gie, der Nanotechnologie, den Werkstoffwissenschaften oder der Pharmakologie zwingt die
Verfahrenstechnik zur beschleunigten Entwicklung neuer Verfahren fiir die Herstellung,
Wandlung und Euntsorgung einer stetig steigenden Zahl neuer Substanzen und Materi-
alien. Dabei werden Fragestellungen wie die Suche nach optimalen Losungsmitteln oder
nach effizienteren Katalysatoren, und vor allem die zuverlissige Vorhersage von thermo-
physikalischen Stoffeigenschaften gehiiuft unter hohem Zeitdruck zu beantworten sein.
Weiterhin setzt die rechnergestiitzte Abbildung und Optimierung nanoskaliger Prozesse
deren Verstindnis auf molekularer Ebene voraus.

Nicht zuletzt aus Kostengriinden kann diese Entwicklung nicht ausschlieSlich mit ver-
mehrter Laborarbeit bewéltigt werden. Vielmehr wird sich die Verfahrenstechnik rech-
nergestiitzter molekularer Methoden bedienen miissen, um mit dieser Entwicklung Schritt
halten zu kénnen. Die Schwerpunkte in Forschung und Lehre werden von dieser Entwick-
Iung beeinflusst werden und verstérkt interdisziplindr orientiert sein. Im internationalen
Umfeld hat diese Entwicklung bereits seit mehreren Jahren eingesetzt.

Vorginge auf der molekularen Ebene werden mit diesen Methoden in virtueller Realitit
fassbar und nachvollziehbar. Sie bahnen damit den Weg zum bildlichen Verstehen von
Stoffwandlungsvorgingen auf elementarer Ebene und leisten damit einen wichtigen Beitrag
zur Entwicklung optimierte Modellierungsansétze fiir verfahrenstechnische Grundoperati-
one.

Weiterhin wird die Bedeutung molekularer Methoden in der Vorhersage thermophysi-
kalischer Stoffdaten von Mischungen liegen, die fiir die Entwicklung und Optimierung von
Gesamtverfahren unerlisslich sind.

Zahlreiche Anwendungsbeispiele aus der Industrie belegen bereits heute, dass das
Potenzial molekularer Methoden erkannt ist und sie sich zu ejinem unverzichtbaren Werk-
zeug in der praktischen Anwendung entwickeln.

Die vorliegende Arbeit befasst sich mit der Vorhersage thermophysikalischer Stoffdaten
realer Reinstoffe und Mischungen mit Hilfe molekularer Simulation. Ublicherweise werden
zur Beschreibung der Stoffdaten von Mischungen Zustandgleichungen, wie beispielsweise
die Peng-Robinson- oder die Soave-Redlich-Kwong-Zustandsgleichung oder Modelle der
Freien Exzessenthalpic GE verwendet, die zwar hervorragende Korrelationswerkzeuge fiir
experimentell ermittelte Stoffdaten sind, aber bekanntermafien Schwichen bei der Stoff-

datenvorhersage zeigen. Dies gilt in besonderem Mafle, wenn, wie es in der industriellen
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Praxis hiufig der Fall ist, nur eine schmale experimentelle Datenbasis zur Ermittlung der
Modellparameter zur Verfiigung steht. Die Weiterentwicklung dieser Methoden erscheint
wenig aussichtsreich. Dagegen stellt molekulare Modellierung und Simulation in der Ver-
fahrenstechnik einen vielversprechenden Weg mit hohem Entwicklungspotenzial zur zu-
verlissigen Stoffdatenvorhersage dar. Die molekulare Simulation ist gegenwirtig die am
héiufigsten angewandte molekulare Methode, die ein hohes Weiterentwicklungspotenzial
mit Flexibilitit bei vertretbarem Rechenzeitaufwand verbindet. Um mit Hilfe moleku-
larer Simulation Stoffdaten quantitativ berechnen zu kénnen, sind sorgfiltig parametrierte
Modelle der molekularen Wechselwirkungen von Reinstoffen und Mischungen erforderlich.
Die Entwicklung solcher molekularen Modelle ist im allgemeinen ein sehr zeitaufwindiger,
nicht systematisierter Prozess, so dass ein Mangel an technisch brauchbaren moleku-
laren Modellen besteht. Im wesentlichen hierdurch wurde bislang die breitere Anwendung

molekularer Simulation behindert.

In der vorliegenden Arbeit wurden molekulare Modelle fiir eine grofie Zahl von nie-
dermolekularen Reinstoffe und Mischungen entwickelt, die die Vorhersage von thermo-
physikalischen Stoffdaten. insbesondere von Dampf-Fliissigkeits Gleichgewichten, mit tech-
nisch interessanter Genauigkeit ermoglichen. Zu den in dieser Arbeit modellierten unpo-
laren, guadrupolaren und multipolaren Reinstoffklassen gehdren unter anderem Stickstoff,
Sauerstoff, Ethan, Halogene, Kohlendioxid, Kohlenmonoxid und alternative Kiltemittel.
In dieser Arbeit wurde fiir viele Stoffe ein alternativer Modellierungsansatz gewihlt, der
von vereinheitlichten Modellklassen ausgeht und dadurch die effiziente Parametrierung
molekularer Modelle fiir 78 Reinstoffe erméglichte. Damit war es moglich, die fiir die Er-
stellung der molekularen Modelle erforderliche Entwicklungszeit erheblich zu verkiirzen.
Durch ihre Kompatibilitit sind diese Reinstoffmodelle fiir die Modellierung von Mischun-

gen geeignet. Zu deren Beschreibung sind einfache Kombinationsregeln ausreichend.

Die fiir die Modellierung dieser 78 Reinstoffe verwendeten Modellklassen sind das vier-
parametrige Zwei-Zentren-Lennard-Jones-Fluid mit Punktquadrupol (2CLJQ) bzw. mit
Punktdipol (2CLJD). Diese Modelle haben keine inneren Freiheitsgrade. Wie die Ergeb-
nisse der vorliegenden Arbeit zeigen, reichen in vielen Fillen die Modellgeometrie und
die Polaritét dieser Modellklassen aus, um die molekularen Wechselwirkungen zwar stark
vereinfacht, aber ausreichend genau zu erfassen, so dass das makroskopische thermody-
namische Verhalten der hier modellierten Stoffe mit sehr guter Genauigkeit beschrieben
werden kann. In reduzierten GréBen haben beide Modelle lediglich zwei Parameter (die

Entfernung der beiden Lennard-Jones-Wechselwirkungszentren und das Quadrupol- bzw.
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Dipolmoment), die die effiziente Ermittlung der thermophysikalischen Eigenschaften dieser
Modellfluide als Grundlage fiir die Modellierung der realen Reinstoffe ermoglichten. Hier-
fiir wurden empirische Korrelationen der Dampf-Fliissigkeits Gleichgewichte der 2CLJQ-
und 2CLID-Modellfluide in Abhéingigkeit der Modellparameter und der Temperatur auf
der Basis umfangreicher Simulationsdaten entwickelt. Mit Hilfe dieser Korrelationen wur-
den die Modellparameter durch Anpassung an experimentelie Dampf-Fliissigkeits Gleich-
gewichte der Reinstoffe spezifiziert. Fiir die modellierten Reinstoffe werden Ergebnisse
aus molekularer Simulation diskutiert und mit Daten aus der Literatur verglichen.

Neben dieser fiir Modelle mit. geringer Parameterzahl geeigneten Vorgehensweise wird
in der vorliegenden Arbeit am Beispiel von Ethylenoxid und Methanol eine Methode fiir
die Parametrierung detaillierterer molekularer Modelle diskutiert.

Auf Grundlage der in dieser Arbeit entwickelten Reinstoffmodelle wurden molcku-
lare Modelle fiir eine Vielzahl bindrer Mischungen entwickelt. Hierfiir wurde ein bindrer
Wechselwirkungsparameter in den Lorentz-Berthelot-Kombinationsregeln verwendet, der
tach Anpassung an einen experimentellen Zustandspunkt der Mischung cine genauere
Besclireibung der thermophysikalischen Eigenschaften der Mischung erlaubt. Ergebnisse
aus molekularer Simulation werden fiir biniire und terniire Mischungen mit experimentellen
Daten und Ergebnissen der Peng-Robinson-Zustandsgleichung verglichen.

Fiir die Berechnung der Dampf-Fliissigkeits Gleichgewichte von Reinstoffen wurde in
dieser Arbeit die NpT' + Testteilchenmethode verwendet. Dampf-Fliissigkeits Gleichge-
wichte von Mischungen wurde mit der Grand Equilibrium Methode berechnet, die zeit-
gleich am Institut fiir Technische Thermodynamik und Thermische Verfahrenstechnik
der Universitéit Stuttgart entwickelt wurde. Beide Methoden werden in der vorliegen-
den Arbeit beschrieben. Die fiir diese Methoden erforderlichen molekularen Simulationen
beruhten in dieser Arbeit anf der Molekulardynamik oder der Monte Carlo Methode.
Fiir die NpT' 4 Testteilchenmethode und die Grand Equilibriuin Methode miissen die
chemischen Potenziale und die partiellen molaren Volumina in der simulierten Dampf-
bzw. der Fliissigphase ermittelt werden. Hierfiir wurde die Testteilcheneinsetzung und
in einigen Fillen die graduelle Einsetzung verwendet. Obwohl der Rechenzeitaufwand
fiir graduelle Einsetzung sehr hoch ist gegeniiber der Testteilcheneinsetzung, bietet sie
gerade in schwierigen Fiillen, wie etwa bei stark polaren grofen Molekiilen. den Vorteil.
dass chemische Potenziale und partielle molare Volumina mit erheblich geringeren statisti-
schen Unsicherheiten berechnet werden konnen. Die fiir die vorliegende Arbeit relevanten
Bezichungen der statistischen Thermodynamik sowie die mathematischen Beschreibungen
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der molekularen Wechselwirkungen und die daraus resultierenden Kriifte und Drehmo-
mente werden ausfithrlich dargestellt.

Im folgenden werden diese einen skizzenhaften Uberblick iiber die Arbeit verschaf-
fenden Punkte niher erldutert.

Fiir 30 2CLJQ- und 38 2CLJD-Modellfluide wurden in systematischen Studien mit
Hilfe der NpT + Testteilchenmethode jeweils die kritische Temperatur, die kritische Dichte,
die Siede- und Taudichten, die Siede- und Tauenthalpien und der Dampfdruck ermit-
telt. Dabei wurden fiir die 2CLJQ-Fluide die reduzierten Elongationen L* = 0, 0.2, 0.4,
0.505, 0.6, 0.8 und die redugzierten Quadrupohmomente Q2 =0, 1, 2, 3, 4 verwendet.
Fiir die 2CLJD-Fluide wurden die Werte fiir die Elongationen auf 1 erweitert, fiir die
Dipolmomente wurden die Werte p*2 = 0,3,6,9,12 verwendet. AuBierdem wurden die
beiden 2CLJD-Fluide mit L* = 0.2 und p*? = 16, 20, sowie das 2CLJD-Fluid mit L* =0
und p*® = 20 hinzugezogen. Langreichweitige Korrekturen der Dipolwechselwirkungen
von 2CLJD-Modellfluiden wurden mit der Reaktionsfeldmethode berechnet. Fiir diese
68 Modellfluide wurden Dampf-Fliissigkeits Gleichgewichte fiir Temperaturen zwischen
55% und 95% der jeweiligen kritischen Temperatur berechnet. Fiir viele der hier unter-
suchten 2CLJD-Fluide wurden bei der niedrigsten Temperatur durch Verwendung von
gradueller Einsetzung zur Berechnung des chemischen Potenzials in der Fliissigphase die
Dampfdriicke mit sehr geringer statistischer Unsicherheit bestimmt.

Diese umfangreiche Simulationsarbeit diente der Verbesserung der Datenlage, mit dem
Ziel, sie als Grundlage fiir die Entwicklung molekularer Modelle fiir reale Reinstoffe zu
verwenden. Die Verbesserung der Datenlage zeigt sich daran, dass die Ergebnisse aus
Zustandsgleichungen fiir die 2CLJIQ- und 2CLID-Modelifiuide aus der Literatur in vielen
Féillen erheblich von den in der vorliegenden Arbeit bestimmten Simulationsergebnissen
abweichen. Ursache fiir dieses Verhalten dieser Zustandsgleichungen ist die im Vergleich zu
dieser Arbeit sehr schmale Datenbasis, die zur Beschreibung der dipolaren und quadrupo-
laren Beitrige in diesen Zustandsgleichungen verwendet wurde. Die Dampf-Fliissigkeits
Gleichgewichte der Modellfluide aus der vorliegenden Arbeit wurden auf thermodynamis-
che Konsistenz {iberpriift und stimmen innerhalb der simulationsbedingten Unsicherheit
mit Daten aus der Literatur iiberein.

Ausgehend von den Simulationsergebnissen fiir die Dampf-Fliissigkeits Gleichgewichte
wurden fiir die 2CLJQ- und 2CLID-Modellfluide aus empirischen Ansiitzen globale Kor-
relationsfunktionen entwickelt, die den Einfluss der Modellparameter auf die kritische

Temperatur und die kritische Dichte, sowie den Einfluss der Modellparameter und der
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Temperatur auf die Siede- und Taudichten und den Dampfdruck beschreiben. Diese Korre-
lationsfunktionen geben die Simulationsdaten mit ausreichender Genauigkeit wieder. Mit
der Entwicklung dieser globalen Korrelationsfunktionen wurden die Werkzeuge geschaf-
fen, die in der vorliegenden Arbeit die effiziente Entwicklung molekularer Modelle fiir reale
Reinstoffe ermoglichten.

Mit Hilfe dieser globalen Korrelationsfunktionen wurden fiir insgesamt 78 reale Rein-
stoffe 2CLJQ- bzw. 2CLID-Modellparametersitze bestimmt, indem iiber F ehlerquadrat-
minimierung die kritische Temperatur und fiir mehrere Temperaturen die Siededichte und
der Dampfdruck der Modellfluide simultan an experimentelle Daten der kritischen Tem-
peratur, der Siededichte und des Dampfdrucks der Reinstoffe angepasst wurden. Diese
2CLJQ- (bzw. 2CLJD-) Modelle erreichen typische relative Abweichungen zwischen Mo-
dell und Experiment von 3% (4%) fiir den Dampfdruck, 0.5% (0.5%) fiir die Siededichte
und 2% (3%) fiir die Verdampfungsenthalpie. Im Vergleich zu molekularen Modellen
aus der Literatur beschreiben sie in vielen Fillen das Dampf-Fliissigkeits Gleichgewicht
der Reinstoffe mit deutlich besserer Genauigkeit. Insbesondere die mittlere relative Ab-
weichung des simulierten Dampfdrucks von experimentellen Werten ist in vielen Fillen
um etwa eine Grofenordnung geringer als bei molekularen Modellen aus der Literatur.
Auch im homogenen Zustandsgebiet bei wesentlich hoheren Driicken und Temperaturen
als im Zustandsgebiet der Dampf-Fliissigkeits Gleichgewichte beschreiben die vorliegenden
molekularen Modelle thermophysikalische GroBen der Reinstoffe mit guter Genauigkeit.
Die damit gezeigte Giite der in dieser Arbeit entwickelten 2CLJQ- und 2CLJD-Modelle
macht sie fiir technische Anwendungen interessant.

Ein Vergleich der Modellparameter mit realen Molekiilgeometrien und Polaritaten ist
vor allem im Fall der hier modellierten zweiatomigen Stoffe, wie Sauerstoff, Stickstoff und
den Halogenen Fluor, Chlor, Brom und Iod einfach méglich. Dabei zeigt sich eine gute
ﬁbereinstimrmmg zwischen realen Bindungslingen der Molekiile und der Elongation der
Modelle. Auch die Quadrupolmomente der Modelle liegen im Bereich der experimentellen
Daten fiir molekulare Quadrupolmomente. Weiterhin nehmen der Grofien- und der Ener-
gieparameter des Lennard-Jones-Potenzials im Vergleich zur MolekiilgroBe physikalisch
sinnvolle Werte an.

Aufbauend auf den Ergebnissen der Reinstoffmodellierung mit den 2CLJQ- und 2CLJD-
Modellklassen wurden in der vorliegenden Arbeit fir Ethylenoxid und Methanol detail-
liertere molekulare Modelle auf Basis von Lennard-Jones-Wechselwirkungszentren ohne
innere Freiheitsgrade entwickelt. Die beiden molekularen Modelle sind mit den 2CLJQ-
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und 2CLJD-Modellen kompatibel. Das Modell fiir Ethylenoxid mit drei Lennard-Jones-
Wechselwirkungszentren und einem Punktdipole ist eine Neuentwicklung, das Modell
fiir Methanol geht aus der Optimierung eines asymmetrischen Zwei-Zentren-Lennard-
Jones-Modells mit drei Punktladungen hervor, das der Literatur entnommen wurde. Bei
der Anordnung der Lennard-Jones-Wechselwirkungszentren wurden die realen Molekiil-
geometrien beriicksichtigt. Langreichweitige Korrekturen der Dipol- bzw. der Punkt-
ladungswechselwirkungen wurden mit der Reaktionsfeldmethode berechnet. Fiir beide
Modelle wurden jeweils drei Modellparameter so optimiert, dass die Modelle das Dampf-
Fliissigkeits Gleichgewicht der Reinstoffe mit guter Genauigkeit beschreiben. Das Ethy-
lenoxid-Modell (Methanol-Modell) erreicht eine mittlere relative Abweichung von 6.5 %
(9.9 %) von experimentellen Dampfdruckdaten und von 0.17 % (0.56 %) von experimen-
tellen Siededichtedaten. Die fiir beide Modelle verwendete Optimierungsmethode beruht
auf einer Fehlerquadratminimierung und ermittelt mit Hilfe von Sensitivitdten itera-
tiv und rasch konvergierend ein optimiertes molekulares Modell. Fiir die Optimierung
des Methanol-Modells wurden simtliche Dampf-Fliissigkeits Gleichgewichte mit Hilfe der
Methode der graduellen Einsetzung mit hoher Genauigkeit, ermittelt.

Mit ihrer guten Genauigkeit bei der Beschreibung thermophysikalischer Daten und
der physikalisch sinnvollen Parametrierung auf molekularer Ebene sind die vorliegen-
den, miteinander kompatiblen molekularen Modelle von Reinstoffen fiir die Modellierung
von Mischungen sehr gut geeignet. Daher wurden mit diesen Modellen fiir die Wechsel-
wirkungen von 45 ungleichen Molekiilpaaren in Mischungen molekulare Modelle entwick-
elt, die die quantitative Vorhersage von Dampf-Fliissigkeits Gleichgewichten von Mischun-
gen ermoglichen.

Die Lennard-Jones-Wechselwirkung zwischen zwei verschiedenen Molekiilen wurde in
dieser Arbeit mit den in der Literatur hiufig verwendeten Lorentz-Berthelot-Kombina-
tionsregeln beschrieben. Vorhersagen von Dampf-Fliissigkeits Gleichgewichten allein auf
Grundlage der Reinstoffmodelle und den Lorentz-Berthelot-Kombinationsregeln wurden
untersucht und mit Vorhersagen aus der Peng-Robinson Zustandsgleichung und mit ex-
perimentellen Daten verglichen. Die Einfiihrung eines anpassbaren biniiren Wechsel-
wirkungsparameters in den energetischen Term der Lorentz-Berthelot-Kombinationsregeln
ermdglichte eine genauere Beschreibung der Dampf-Fliissigkeits Gleichgewichte von Mi-
schungen. In der vorliegenden Arbeit wurde dieser biniire Wechselwirkungsparameter, der
im nicht angepassten Fall den Wert eins hat., fiir Jjede Mischung mit einer einfachen Metho-

de an den Druck eines geeigneten experimentellen Zustandspunkt des Dampf-Fliissigkeits
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Gleichgewichts angepasst. Angepasst liegt der biniire Wechselwirkungsparameter wei-
terhin nahe beim Wert eins. Simulationsergebnisse mit angepasstem bindren Wechsel-
wirkungsparameter wurden mit experimentellen Daten und mit Ergebnissen der Peng-
Robinson Zustandsgleichung verglichen, deren bindrer Parameter an denselben experi-

mentellen Zustandspunkt der Mischung angepasst wurde.

Fiinf technisch wichtige biniire Mischungen der quadrupolaren Komponenten Stick-
stoff, Sauerstoff. Kohlendioxid und Ethan wurden ausfiihrlicher untersucht, um die Lei-
stungsfihigkeit der molekularen Simulation im Vergleich zu Zustandsgleichungen aufzu-
zeigen. Besonders auffillig ist im Fall der azeotropen Mischung Kohlendioxid + Ethan,
dass molekulare Simulation allein auf Grundlage der beiden Reinstoffmodelle und der Lo-
rentz-Berthelot-Kombinationsregeln mit nicht angepasstem bindrem Wechselwirkungspa-
rameter die azeotrope Zusammensetzung vorhersagt, wohingegen die Peng-Robinson Zu-~
standsgleichung zeotropes Siedeverhalten vorhersagt. Mit angepasstem binfiren Wechsel~
wirkungsparameter und angepasstem binfirem Parameter der Peng-Robinson Zustands-
gleichung liefern beide Methoden eine sehr gute quantitative Beschreibung des azeotropen
Dampf-Fliissigkeits Gleichgewichts. Hier wird vorweggenommen, dass sich im Fall der
azeotropen Mischung Ethin + Ethan ein véllig analoges Bild der Vorhersageeigenschaften
beider Modellierungsansitze ergibt. Im Fall der Mischung Stickstoff + Ethan, in der Stick-
stoff als iiberkritische Komponente enthalten ist, liefert die Peng-Robinson Zustandsglei-
chung auch mit angepasstem biniirem Parameter eine schlechte Beschreibung der experi-
mentellen Siedelinie, auBierdem iiberschiitzt sie die Lage des kritischen Punkts. Moleku-
lare Simulation liefert hierfiir dentlich bessere Ergebnisse. Weiterhin zeigte sich, dass
die vorliegenden molekularen Modelle fiir Stickstoff und Ethan bei niedriger Temperatur
Fliissigkeit-Fliissigkeits Gleichgewichte bilden, die bei der realen Mischung Stickstoff +
Ethan experimentell nachgewiesen wurden. Bereits aus diesen Ergebnissen kann gefolgert
werden, dass die Vorhersagekraft molekularer Simulationen deutlich besser ist als jene
der Peng-Robinson Zustandsgleichung, wenn physikalisch sinnvolle molekulare Modelle
verwendet werden.

Siededichten der fiinf Mischungen werden mit molekularer Simulation zuverlissig be-
schrieben, was mit der Peng-Robinson Zustandsgleichung erwartungsgeméf nicht gelingt.
Auch Verdampfungsenthalpien von Mischungen werden in vielen Féllen mit molekularer
Simulation genauer vorhergesagt als mit der Peng-Robinson Zustandsgleichung. Verglei-
che mit Ergebnissen der PC-SAFT und der BACKONE Zustandsgleichung unterstreichen,
dass die in dieser Arbeit entwickelten molekularen Modelle eine sehr gute Vorhersagekraft
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fiir thermophysikalische Eigenschaften realer Mischungen besitzen. Ergebnisse fiir Dampf-

Fliissigkeits Gleichgewichte weiterer quadrupolarer Mischungen bestatigen dies.

Fiir Mischungen mit multipolaren Komponenten wurden die Ergebnisse aus moleku-
larer Simulation mit angepasstem bindren Wechselwirkungsparameter und der Peng-Ro-
binson Zustandsgleichung mit angepasstem binirem Parameter mit experimentellen Daten
verglichen. Hierzu gehoren unter anderem kohlenmonoxidhaltige Mischungen und Kal-
temittelmischungen. Die Modellierung dieser Mischungen multipolarer Komponenten
mit einfachen, nicht polarisierbaren molekularen Modellen ist besonders interessant, da
einige der realen Molekiile, wie zum Beispiel CS,. vergleichsweise stark polarisierbar
sind. Es wurde gezeigt, dass auch fiir diese Mischungen molekulare Simulation eine
sehr gute Beschreibung der experimentellen Dampf-Fliissigkeits Gleichgewichte iiber weite
Temperatur- und Zusammensetzungsbereiche liefert. Auch die Ergebnisse der Peng-
Robinson Zustandsgleichung sind in vielen Fallen sehr gut. Die Peng-Robinson Zustands-
gleichung iiberschétzt jedoch wiederum in mehreren Fillen mit einer iiberkritischen Kom-
ponente die Lage des kritischen Punkts. Auch die Siede- und Taudichten dieser Mischun-
gen werden mit molekularer Simulation genauer beschrieben als mit der Peng-Robinson

Zustandsgleichung.

Mit der Modellierung der Mischung Methanol + Kohlendioxid wurde der hier ver-
wendete vergleichsweise einfache Modellierungsansatz fiir reale Mischungen auf eine Mi-
schung mit einer assoziierenden Komponente iibertragen. Alle fiir diese Mischung er-
forderlichen molekularen Simulationen wurden mit gradueller Einsatzung beider Kompo-
nenten durchgefithrt, wodurch die Dampf-Fliissigkeits Gleichgewichte mit sehr geringen
statistischen Ungenauigkeiten ermittelt werden konnten. Damit war es auch fiir diese
Mischung moglich, den biniiren Wechselwirkungsparameter der Lorentz-Berthelot-Kombi-
nationsregeln an einen experimentellen Gleichgewichtsdruck dieser Mischung anzupassen.
Die Beschreibung der Dampf-Fliissigheits Gleichgewichte dieser Mischung mit der Peng-
Robinson Zustandsgleichung mit angepasstem bindiremn Parameter zeigt vor allem auf
der Siedelinie und im kritischen Bereich Schwiichen. Mit angepasstem bindrem Wech-
selwirkungsparameter stimmen die Ergebnisse fiir Dampf-Fliissigkeits Gleichgewichte aus
molekularer Simulation iiber weite Temperatur- und Zusammensetzungsbereiche sehr gut
mit experimentellen Werten iiberein. Auch Siededichten dieser Mischung werden mit
molekularer Simulation schr gut beschrieben. Dieser positive Befund gibt Anlass zur Ver-
mutung, dass der in dieser Arbeit gewiihlte Modellierungsansatz auf weitere Mischungen
mit assoziierenden Komponenten iibertragbar ist.
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Die molekularen Modelle fiir biniire Mischungen lassen sich ohne Modifikation fiir die
Stoffdatenvorhersage ternirer Mischungen verwenden. Die Einfithrung ternirer Parame-
ter oder die Neuanpassung bindrer Parameter an thermophysikalische Daten ternirer Mi-
schungen ist nicht erforderlich. Am Beispiel von fiinf terniren Mischungen mit quadrupo-
laren und multipolaren Komponenten wurde gezeigt, dass molekulare Modelle ternirer
Mischungen auf der Basis der in dieser Arbeit entwickelten molekularen Modelle bindrer
Mischungen die experimentellen Dampf-Fliissigkeits Gleichgewichte dieser terniiren Mi-
schungen mit guter Genauigkeit vorhersagen. Unter gleichen Voraussetzungen liefert die
Peng-Robinson Zustandsgleichung in vielen Fillen hierfiir deutlich schlechtere Resultate.

Iu der vorliegenden Arbeit wurde gezeigt. dass molekulare Simulation bereits mit ver-
gleichsweise einfachen, zustandsunabhiingigen molekularen Modellen fiir Reinstoffe und
Mischungen eine hervorragende Vorhersagekraft besitzt. Um diese Eigenschaft moleku-
larer Simulation ausschopfen zu kénnen, miissen physikalisch sinnvolle und sorgfiiltig
parametrierte molekulare Modelle von Reinstoffen zu Grunde gelegt werden. Moleku-
lare Modellierung stellt dann einen systematischen, fiir viele Stoffklassen vereinheitlichten
Modellierungsansatz dar, der ein breites Spektrum thermophysikalischer Grofien znver-
lissig beschreiben kann. Fiir die verfahrenstechnische Praxis ist es wichtig, dass fiir die
Parametrierung der molekularen Modelle bindrer Mischungen jeweils nur ein einziges ex-
perimentelles Dampf-Fliissigkeits Gleichgewicht erforderlich war.

Die in dieser Arbeit dargestellten Resultate unterstreichen das hohe Entwicklungspoten-
zial, das die molekularen Modellierung bietet. In kiinftigen Arbeiten sollte untersucht
werden, inwiefern der hier gewihlte Modellierungsansatz auf weitere komplexe, Wasser-
stoffbriicken bildende Fluide und deren Mischungen iibertragbar ist. Auch die Modecl-
lierung griBerer Molekiile, bei denen innere Freiheitsgrade zu beachten sind. sollte in
Betracht gezogen werden. Bei der Parametrierung solcher Modelle kéunen Ergebnisse
quantenmechanischer Berechnungen der Molekiilinteraktionen herangezogen werden.

AbschlieBend sei angemerkt, dass withrend der Entstehung der vorliegenden Arbeit
viele der hier entwickelten molekularen Modelle bereits erfolgreich zur quantitativen Vor-
hersage weiterer thermophysikalischer Gréfien, wie etwa Diffusionskoeffizienten, Oberfla-
chenspannungen oder Henry-Konstanten verwendet wurden. Es existiert bislang kein
vereinheitlichter klassischer Modellierungsansatz, der die simultane quantitative Beschrei-
bung dieser Gréfien erméglichen wiirde. Damit wurden auerhalb dieser Arbeit die exzel-
lenten extrapolativen Eigenschaften der hier entwickelten molekularen Modelle bestitigt.
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