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Abstract

Abstract

One of the major challenges in thermodynamics is the quantitative description and pre-
diction of thermophysical properties for industrial applications. Particularly in energy
and process engineering, the thermophysical properties are the basis for the develop-
ment of new techniques and the optimization of existing plants. As an experimental
determination of all required data may often be very expensive and time consuming, a

theoretical description is of particular significance.

Molecular modeling and simulation provides a promising approach to modeling of ther-
mophysical properties. This method describes the interactions at the molecular level by
a so-called molecular model. Molecular simulation then is used to calculate the desired
thermophysical properties from the molecular interactions. With this approach, it is
possible to consistently describe the behavior of pure substances and mixtures over a
wide range of states on a sound physical basis.

In the pregent work, the capabilities of molecular modeling and simulation for appli-
cations in process engineering are demonstrated. In addition to a good description of
experimental fluid behavior, the method shows an outstanding predictive power, which
is presented for various examples.

The further application of molecular modeling and simulation is still restricted by the
scarcity of molecular models, which are optimized for a quantitative prediction of ther-
mophysical properties. Thus, a modeling strategy is developed in the present work,
which allows a rapid parametrization of new molecular models. This strategy uses re-
sults from quantum mechanical ab initio calculations to significantly reduce the number
of free model parameters. The modeling effort is perceptibly reduced by a direct trans-
fer of the location of model sites and electrostatic interaction parameters from quantum
mechanics. A set of few, here two to four, parameters is subsequently optimized to
experimental pure vapor-liquid equilibrium data.

With the presented strategy, a total of 13 new molecular models of pure substances is
developed. The molecular models are optimized to experimental data on vapor pressure,
saturated liquid density, and enthalpy of vaporization along the w

S e hole range of the vapor-
liquid equilibrium. In most cases,

a very good representation of the experimental data is

reached, and in all cases, a significant improvement is achieved compared to molecular
models from the literature.



XI

These models are used subsequently to demonstrate the predictive capability of mo-
lecular modeling and simulation. Very good predictions are found for pure substance
properties like second virial coefficient, structural quantities, thermal, caloric, and trans-
port properties, as well as thermophysical properties of mixtures.

Ammonia is well investigated experimentally due to its technical importance. Besides
macroscopic properties over a wide range of states, experimental results on structural
properties are available. Thus, radial distribution functions from molecular simulation
are compared to experimental data from neutron diffraction. Although the molecular
model is solely optimized to vapor-liquid equilibrium properties, an excellent agreement
is found.

Taking ethvlene oxide as an example, a total of 17 different pure substance properties
are determined. Thermal properties are predicted among caloric properties, transport
properties, and surface tension with satisfactory accuracies by molecular modeling and
simulation.

A substancial part of technical processes deals with mixtures. In the present work,
the applicability of molecular modeling and simulation on the prediction of mixture
properties is demonstrated on two examples. For the binary mixture R227ea + ethanol,
the special phase behaviour is predicted very well from pure substance properties without
further adjustments.

Furthermore, an application on the multi-component system humid air is presented.
The dew point of humid air is an important technical property for new processes like
compressed air storage. In the present work, a new method is developed for the deter-
mination of the dew point from molecular simulations. The results agree very well with

recent experimental data and reproduce the real fluid behaviour.

Finally, an outlook on the application of molecular modeling and simulation to hydro-
gels is given. Hydrogels are polymer networks, which can strongly swell or shrink in
solvents dependent on external properties. In the present work, the focus is laid on
the qualitative description of this swelling or shrinking process by molecular simulation.
The applicability of the method is demonstrated as a starting point for further work

towards a quantitative description.
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Kurzfassung

Eine der grofen Herausforderungen in der Thermodynamik ist die quantitative Beschrei-
bung und Vorhersage von Stoffdaten fiir industrielle Anwendungen. Besonders in der
Energie- und Verfahrenstechnik bilden die thermophysikalischen Stoffdaten die Grund-
lage fiir die Entwicklung neuer Verfahren und die Optimierung bestehender Anlagen.
Da eine experimentelle Bestimmung der benétigten Stoffdaten teilweise sehr aufwindig

ist, kommt einer theoretischen Beschreibung besondere Bedeutung zu.

Einen viel versprechenden Ansatz zur Modellierung von thermophysikalischen Stoffdaten
stellt die molekulare Modellierung und Simulation dar. Dabei werden die Wechsel-
wirkungen auf molekulare Ebene durch so genannte molekulare Modelle abgebildet. In
der molekularen Simulation kénnen dann die gewiinschten thermophysikalischen Eigen-
schaften aus den molekularen Wechselwirkungen berechnet werden. Mit diesem Ansatz
gelingt es auf Grund der exzellenten physikalischen Basis, das Verhalten von Reinstof-
fen oder Mischungen mit nur wenigen Parametern iiber einen weiten Zustandsbereich
hinweg konsistent zu beschreiben.

In der vorliegenden Arbeit werden die Moglichkeiten eines Einsatzes der molekularen

Modellierung und Simulation fiir Anwendungen in der Verfahrenstechnik aufgezeigt.

Neben einer guten Beschreibung des experimentellen Stoffverhaltens ist dabei vor allem

die hervorragende Vorhersagekraft der Methode hervorzuheben, wie sie an verschiedenen
eispielen prisentiert wird.

ingeschrénkt wird der weitergehende anwendungsorientierte Einsatz der molekularen
lodellierung und Simulation bislang durch die nur begrenzte Anzahl an verfiighbaren
nolekularen Modellen, die fiir die quantitative Bestimmung von Stoffdaten optimiert
wurden. In der vorliegenden Arbeit wird daher eine Strategie entwickelt, die eine
beschleunigte Parametrierung neuer molekularer Modelle erlaubt. Diese Strategie
nutzt Ergebnisse aus quantenmechanischen ab initio Rechnungen um die Anzahl der
freien Modellparameter stark zu reduzieren. Durch die direkte Ubernabme der rium-
lichen Anordnung der Wechselwirkungszentren des molekularen Modells und der elek-

trostatischen Wechselwirkungsparameter aus der Quantenmechanik wird der Model-

lierungsaufwand deutlich reduziert. Eine weitere Optimierung des Modells erfolgt dann

noch durch Anpassung weniger, hier zwei bis vier,

Parameter an experimentelle Rein-
stoffdaten zum Dampf—Fliissigkeits Gleichgewicht.
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Die vorgestellte Strategie wird genutzt um molekulare Modelle von insgesamt 13 Rein-
stoffen zu erstellen: iso-Butan, Cyclohexan, Formaldehyd, Dimethylether, Schwefel-
dioxid, Dimethylsulfid, Thiophen, Blausiure, Acetonitril, Ammoniak, Ethylenoxid und
Heptaflourpentan. Die Modelle werden an experimentelle Werte von Dampfdruck,
Siededichte und Verdampfungsenthalpie iiber den gesamten Temperaturbereich des
Dampf-Fliissigkeits Gleichgewichts angepasst. Dabei wird meist eine sehr gute Beschrei-
bung der experimentellen Daten, in allen Fillen aber eine deutliche Verbesserung bis-
heriger Modelle aus der Literatur erreicht.

Ein Vorteil der molekularen Modellierung und Simulation ist die herausragende Vorher-
sagekraft. Diese wird in der vorliegenden Arbeit an verschiedenen Beispielen aufgezeigt,
unter anderen hinsichtlich des 2. Virialkoeffizienten B.

Ammoniak ist auf Grund seiner technischen Bedeutung experimentell sehr gut un-
tersucht. Neben den makroskopischen Eigenschaften tiber weite Zustandsbereiche
existieren hier auch Messungen zu Strukturgréken. In Kapitel 4.2.1 werden radiale
Paarverteilungsfunktionen aus der molekularen Simulation mit Daten aus Neutronen-
streuexperimenten verglichen. Obwohl das molekulare Modell nur an Phasengleich-
zewichtsdaten angepasst wurde, liegt hier eine hervorragende Ubereinstimmung vor.

Am Beispiel Ethylenoxid werden ausgehend von einer ausschlieflichen Anpassung an das
Phasengleichgewicht insgesamt 17 verschiedene Reinstoffeigenschaften berechnet. Neben
thermischen Zustandsgrofen konnen mit der molekularen Modellierung und Simula-
tion auch kalorische Grofen, Transportgrofen und die Oberflichenspannung mit guten

Genauigkeiten vorhergesagt werden.

Ein Grofteil verfahrenstechnischer Prozesse beinhaltet Mischungen. An zwei Beispielen
wird in dieser Arbeit die Anwendung der molekularen Modellierung und Simulation zur
Vorhersage von Mischungseigenschaften aufgezeigt. Fiir die biniire Mischung Ethanol
+ R227ea kann das fiir ein Binirsystem spezielle Phasenverhalten sehr gut allein aus
Reinstoffeigenschaften ohne weitere Anpassung vorhergesagt werden.

Weiterhin wird eine Anwendung auf das Mehrkomponentensystem feuchte Luft prisen-
tiert. Eine wichtige technische Grife fiir neue Prozesse wie Druckluftspeicher ist der
Taupunkt komprimierter feuchter Luft. In der vorliegenden Arbeit wird eine Methode
zur Bestimmung des Taupunkts aus molekularen Simulationen entwickelt. Die Ergeb-
nisse zeigen eine sehr gute Ubereinstimmung mit aktuellen experimentellen Daten und
geben das Realverhalten des Systems gut wieder.

Abschliefend wird ein Ausblick auf die molekulare Modellierung und Simulation von
Hydrogelen gegeben. Hydrogele sind makromolekulare Polymernetzwerke, die abhiingig
von duferen Eigenschaften in Lésungsmitteln stark quellen bzw. schrumpfen konnen.
Dabei wird kurz die Vorgehensweise bei der Modellierung der Makromolekiile aufgezeigt.
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Weiter wird die Simulationsmethodik erlautert und erste Ergebnisse zur Simulation des
Quell- bzw. Schrumpfvorgangs présentiert. Das experimentelle Verhalten kann hier
bisher nur qualitativ nachgestellt werden. Uin eine quantitative Beschreibung zu errei-
chen, wiren weitergehende Optimierungen des molekularen Modells nétig, die jedoch
den Rahmen dieser Arbeit sprengen wiirden.

Zusammenfassend liefert die molekulare Modellierung und Simulation einen konsistenten
Ansatz zur Korrelation und Vorhersage von thermophvsikalischen Daten mit technisch

relevanter Genauigkeit.
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1 Introduction

Modern process engineering predominantly relies on a theoretical description of the
regarded processes. In new industrial applications, this allows faster development cycles
and reduced costs by skipping expensive experimental investigations. To handle this
task, reliable theoretical models of the underlying processes, which are often governed

by thermodynamics, are needed.

Molecular modeling and simulation allows to tackle issues in process engineering, for
which classical phenomenological methods only give insufficient or even no answers.
In addition to efficient simulation methods, excellent models of the intermolecular in-
teractions of industrially relevant substances must be provided to yield quantitative
statements with a desired accuracy. At a comparable number of parameters, these mo-
lecular models often reproduce the behavior of real substances much more realistically
than phenomenological methods. Thus, a prediction of thermophysical data by molecu-
lar simulation is feasible. Another advantage of molecular modeling and simulation is

its transferability to different applications as shown for some examples below.

1.1 Current Scientific State

In the literature, a broad variety of molecular models is available. A brief overview
is given by [120, 186]. However, in many cases, the necessary accuracy for technical
application is not reached. Furthermore, the molecular models are often incompatible
with each other as they use different intermolecular potential types or combination
rules, which disencourages their application to mixtures. Until today, the development
of molecular models is mostly based on ad hoc assumptions and is thus very time-
consuming. An important task in this field is a systematization and development of
methods to short-cut the modeling effort to achieve an adequate time frame for industrial

applications.

Using quantum mechanical (QM) methods, it is nowadays possible to calculate prop-
erties of almost arbitrary molecules ab initio with high accuracy and without the need
of experimental data [51, 170]. Using the Born-Oppenheimer approximation, an en-
ergetically optimized molecular geometry can be determined with moderate effort by
Hartree-Fock (HF) or density funetional theory (DFT) methods. On top of this op-
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timized geometry, electron density distributions can be calculated using methods like

Mpller-Plesset (MP) or Coupled-Cluster (CC) that account for electron-electron corre-
lations. The electron density distribution, in combination with the positively charged
nuclei, determine the electrostatic properties of a molecule. A simulation of molecule
dimers in different configurations with respect to each other allows the determination
of intermolecular pair interaction energies, i.e. dispersive and repulsive interactions as
well as mutual polarization. Here, very sophisticated QM calculations are necessary to
adequately describe these interactions, which are often weaker than the intramolecular
interactions by several orders of magnitude. In the literature, mostly CC methods with
large basis sets or an extrapolation to the basis set limit are used to achieve such accura-
cies, of. [7]. It was found that also MP approaches yield acceptable results in numerous

cases with a lower computational effort [205].

A direct method for caleulating thermophysical properties from QM simulations was
proposed by Car and Parinello [14]. Here, a molecular dynamics (MD) simulation is
combined with a determination of the intermolecular forces by means of QM. Due to the
extremely high computational effort, this method will not be accessible for engineering

applications in the near future [203].

Approximating the intermolecular interactions to be used in molecular simulation by
molecular models, also known as force fields, is computationally much more efficient.
From these models, the desired macroscopic or microscopic thermophysical properties
are determined in molecular simulation, e.g. by MD or by Monte-Carlo (MC) methods
[3, 50, 167].

Different approaches exist for molecular modeling, which result in models with different
levels of detail. The range reaches from molecular models that exclusively base upon
QM calculations to models that are exclusively parametrized using phenomenological or
experimental data:

Meolecular models from QM calculations. The aim of this approach is to model the
intermolecular (and sometimes intramolecular) interactions without recourse to anv ex-
perimental thermophysical data. Typically, QM simulations are performed on mono“mers
in vacuum and on dimers in different configurations [78]. The resulting interaction en-
ergy hyper surface is subsequently correlated by empirical functions so that a mathemat-
ical description of the interactions is available for molecular simulation [193]. Applying
this procedure, an acceptable accuracy can be obtained with an adequate effort for n.oble
gases or simple molecules [7, 72, 136, 195, 209, 210]. Due to the high level of detail, an
application of the resulting models in molecular simulation, e.g. to determine the p};ase
coexistence, is relatively expensive. Furthermore, sufficiently exact QM calculations are
presently not feasible for more complex molecules with a reasonable computational ef-
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fort. For the modeling of mixtures, the same work must be done again for the unlike
dimer and for the re-correlation of the intermolecular interaction as this was done for the
pure components [194]. An alternative to modeling strictly on the basis of ab initio is
the transfer of QM results in the parametrization of semi-empirical potential functions,

as discussed in more detail below.

Semi-empirical molecular models. Semi-empirical potential models are significantly
more simplified compared to QM models (model reduction). Generally, only the substan-
tial interaction contributions are considered explicitly. Due to a consistent separation
of the interaction contributions, these models provide the opportunity of systematiza-
tion of the development in new molecular models for pure substances. Mixtures can be
modeled easily based on such pure substance models [189, 211, 220].

The interaction contributions, i.e. repulsion, dispersion, (static) polarities, and hydrogen
bonding, are modeled separately using suitable potential functions, whose superposition
vield the full intermolecular interaction potential. Dispersive interactions are typically
modeled by Buckingham exp-6, Lennard-Jones 12-6, or Lennard-Jones 9-6 sites. These
potentials also describe the repulsive forces caused by overlaps of the electron orbitals,
in some cases supported by hard-sphere potentials.

Static polarities of the molecules are modeled by either partial charges or dipolar and/or
quadrupolar potentials. Some models apply polarizable potentials to account far, e.g.,
different dipolar moments in gaseous and liquid states. Intramolecular interactions are
modeled by torsional, angle, and bond stretching potentials. For hydrogen bonding,
different modeling approaches are proposed in the literature, e.g. square well potentials

[148] or a suitable arrangement of partial charges [34].

The different interaction parameters of the molecular models are substance specific con-
stants, which are obtained depending on the modeling approach. They can be directly
taken, e.g., from microscopic experimental data like dipolar moments or determined
from QM methods. Another approach is the empirical adjustment of the microscopic
parameters to macroscopic experimental data like bulk density or vapor pressure.

Besides a large number of molecular models developed ad hoc for individual substances,
also transferable force fields were proposed in the literature, which are designed for the
prediction of specific properties of numerous substances in a group contribution fashion:
OPLS [82, 84], AMBER [21, 22, 223], CHARMM [13, 118, GROMOS [153]. COM-
PASS [196], NERD [142], and TraPPE force fields [122]. Additional force fields are
presented in [196]. These force fields are commonly optimized to cases, which are only
partially relevant in process engineering. Thus, predictions of thermophysical proper-
ties, e.g. phase equilibrinm properties, with these force fields are often insufficient [120].
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The OPLS force field was optimized for simulations of the liquid phase and AMBER,
CHARMM, GROMOS, and COMPASS force fields are predominantly used in biomolec-
ular or macromolecular simulations, e.g. proteins in agueous solutions. The NERD and
TraPPE force fields yield comparably good results for vapor-liquid equilibria (VLE)
[35, 122, 142, 226], but are available for a restricted class of substances only.

1.2 Contributions of the Present Work

The present work is based on a modeling approach residing on two branches, which
was used to develop molecular models at the Institute for Technical Thermodynamics
and Thermal Process Engineering (ITT), University of Stuttgart, Germany, prior to
this work. Firstly, a systematic investigation on a particular model class, i.e. the
two-center Lennard-Jones plus point dipole (2CLJD) or plus linear point quadrupole
(2CLJQ) [187, 190], was performed. From these results, correlations for important
thermophysical properties, i.e. vapor pressure, saturated liquid density, and enthalpy of
vaporization, of the model fluids were developed as functions of the model parameters.
Subsequently, model parameters for real substances were determined by adjusting the
correlations to experimental data. This was done to parametrize molecular models for
78 real substances, mostly two-atomic molecules and short chain refrigerants [188, 219].

Secondly, Lennard-Jones based molecular models were individually optimized to exper-
imental VLE data, i.e. saturated liquid density and vapor pressure. Here, an iterative
method based on the sensitivities of the model parameters was used to develop mo-
lecular models for numerous substances [171, 186]. These molecular models not only
outstandingly correlate experimental VLE data with typical deviations below 5, 1, and
5% for vapor pressure, saturated liquid density, and enthalpy of vaporization, respec-
tively. They also allow reliable extrapolations of thermal and caloric data over a wide
range of states [216] and have proven their usefulness by applications to the prediction
of transport properties and the surface tension [42-47, 215] as well as mixture properties
|71, 189, 213, 214, 220].

For more complex molecules, the parametrization method based on phenomenological
data alone is no more reasonable. The large number of model parameters does not allow
for a purely empirical optimization. Here, the inclusion of results from QM calculations
in the parametrization process provides valuable information. Many molecular parame-

ters can be determined directly from QM or at least be initialized well for a subsequent
optimization.

In the present work, a systematic strategy is developed to parametrize molecular models
based on results from QM calculations. This approach is used to develop molecular
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models for a set of pure substances. A detailed overview of the method and a summary
of the proposed new molecular models and results is given in Chapter 3.

The new molecular models are subsequently applied to different real-life problems. Here,
generally no further adjustments are made so that the results are strictly predictive to
demonstrate the extrapolative power of the method. The results are summarized in
Chapter 4.

Finally, in Chapter 5 an application of molecular modeling and simulation to hydrogels
is presented. This preliminary study, where the applicability of the method is tested,
gives hints for further research in this field.

The presented results were also published in a set of articles in international, peer-
reviewed journals [27-31] and presented on various national and international confer-

Eences.
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In this chapter, a brief overview on the underlying theory is given. For a more detailed
description, several textbooks are available. A good introduction into the matter is given
by Allen and Tildesley [3] as well as Frenkel and Smit [50]. Together with an common
overview, they present specific simulation approaches necessary to perform molecular

simulations.

Here, the description of the theoretical background is restricted to topics that are ex-
tensively used in the present work. The focus is set on the determination of the V LE.
The VLE properties were used for the parametrization of the molecular models as de-
scribed later on. The theory and simulation methods for other properties, e.g. caloric or
transport properties, will be presented together with their applications, cf. Chapter 4.

2.1 Molecular Modeling and Simulation

Based on statistical thermodynamics, molecular modeling and simulation vields ther-
mophysical properties from studies on the molecular level. By solely defining the in-
teractions between malecules, properties of pure substances as well as mixtures can be
calculated. The description of the intermolecular interactions, usually given in terms of
interaction energy, is hereby termed molecular model. This molecular model fully deter-
mines the thermophysical properties, which can be calculated by molecular simulation.

Many different approaches for molecular models are suggested in the literature. In the
present work, the Lennard-Jones 12-6 type potential (LJ) [80, 81] plus superimposed
electrostatics is used throughout. A detailed description of the setup and parametriza-
tion of the molecular models gives Chapter 3.

A set of molecules, typically in the order of 1000 molecules, is evaluated according
to their interactions in molecular simulation. This is typically done in either of two
different ways: molecular dynamics (MD) and Monte Carlo (MC) simulation. The goal
of both simulation techniques is the generation of a representative set of molecular
configurations, which allows the determination of the desired properties. Within a

MD simulation, the forces (and torques) between the molecules are calculated from the

intermolecular potential. The movement of the molecules simply follows Newton's laws
of motion and is found from a time discretized numerical integration.
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Alternatively, MC simulations use a stochastic approach to generate a set of represen-
tative molecular configurations. Random movements, e.g. translation or rotation, are
applied to single molecules within the simulation to generate new arrangements. To
sample energetically favoured arrangements with a higher probability, acceptance rules
are applied for the moves.

A further description of the simulation methods can be found in the literature [3, 50].

There, also coding examples are given and practical issues are discussed.

2.2 Macroscopic Thermophysical Properties

All macroscopic observable thermophysical properties are averages of the corresponding
microscopic properties, which can be obtained from molecular simulation on the mole-
cular level. The conversion between the microscopic and macroscopic level is done by

statistical thermodynamics.

Considering an arbitrary macroscopic observable A, it is obvious that, assuming a suf-
ficiently large microscopic system, the macroscopic value is the time average of the

microscopic property A(I") taken over a sufficiently long time interval ¢

A= (Ax@) = Jim T [ A, (21)

where T'(7) indicates the phase space, i.e. the current state of the microscopic system,
at time 7. The angular brackets denote an averaging, with respect to time here. The
necessary size of the microscopic system depends on the desired property, but was found
to be in the range of 1000 molecules for common thermophysical properties of the bulk.
The time evolution in Equation (2.1) can directly be evaluated by MD simulation in a
stepwise fashion. As averaging over an infinite time span is not possible, the integration
is done over a finite time £, The length of this time span as well as the size of the
regarded phase space I' and the choice of the initial state T(0) have been subject to
many publications, cf. [3], and should be chosen and tested sensibly for the desired

property A.
Following the hypothesis of ergodicity, the time average can be substituted by an en-

semble average

A= (A, = AMP() - (2.2)
r

The microscopic property .A(7) observed at a specific microscopic state 7y within the

phase space T is weighted with the phase space density p(7), i.e. the probability of this



2 Fundamentals

infinite) summation over the complete phase

specific microscopic state to emerge. An (
th MC simulation it is aimed to sample

space is also not possible in this case. Instead, wi
a representative part of the phase space. The phase space density is usually replaced by

a weighting factor w(v), which leads to

Y AMw(y) :
(A)m: il Z[‘ ’LL'("}) . (23)

Appropriate weighting functions w can be defined for the different ensembles, cf. [3].
For example, the weighting function for the isothermal- isobaric (NpT) ensemble is given
by

WNpD = e BH+PY) (2.4)
where H is the Hamiltonian and V the volume of the regarded microscopic system. B=
1/(kgT) denotes the Boltzmann factor, while T" and p are the specified temperature and
pressure of the ensemble. Analogously to the time average, questions on the necessary

number of observed state points, extent of the regarded phase space, and choice of the

initial microscopic state arise.

Definitions and equations for the corresponding microscopic properties of the common
macroscopic observables are given in [3, 50]. Some of them are repeated in Section 4.3
as they were used for the prediction of different properties of ethvlene oxide.

2.3 Chemical Potential

The chemical potential is an important property for the determination of phase equilib-
ria. As it is extensively used throughout the present work, a more detailed discussion
regarding its calculation is given here.

The microscopic definition of the chemical potential y is given by [37]

s~ (o)., = ()., 9

where G denotes the Gibbs enthalpy of a system containing N molecules and F its

Helmholtz energy. Starting from this definition, different methods have been derived

for the calculation of the chemical potential. In the present work, two methods were

employed: the test particle insertion method by Wi
y Widom [228] and th Anal’s ;
method [147, 178, 217]. [228] e gradual insertion
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2.3.1 Widom's Test Particle Method

Widom’s test particle method is based on the introduction of test particles to a given sys-
tem in a molecular simulation. For large N, the partial derivative can be approximated

by

um (GIN +1) = G(N))y, - (2.6)

Considering an isothermal-isobaric system, G(NV) equals to —kgT In(@npr) and the
difference AGy 4y v = G(N + 1) — G(N) can be written as [22§]

AGniin = —kgTln (9&) - (2.7)
Qn
where kp denotes the Boltzmann constant and Qu,r is the partition function of the

NpT ensemble. From this equation, an expression for the chemical potential can be
obtained [228, 229]

4= w(T) - ksT'ln (p) — kpT'In (% exp {—.awm}) : (2.8)

where ;4(T) denotes the solely temperature dependent ideal part of the chemical po-
tential. p is the density and V the volume of the simulation. Uest 1S the interaction
energy of a test particle, upon addition to the system of V molecules. The test particle
acts here as a ghost particle without influencing the other molecules. Finally, the angle
brackets denote both, an ensemble average and an average over a (large) number of test
particles.

Widom's test particle method gives a straightforward and computationally efficient route
to calculate the chemical potential. Unfortunately, the method fails, when the proba-
bility of a successful insertion of a test particle, i.e. an insertion where no overlaps
with other particles occur, becomes too low. This is predominantly the case in cold and

strongly interacting liquids, where the densities are indeed very high.

2.3.2 Gradual Insertion

ination of the chemical potential, which solves
Instead of inserting

A more advanced method for the determ
most of the problems of Widom's method, is gradual insertion.
complete molecules, a fluctuating particle is introduced, which can appear in different
states of coupling with all other molecules. In the decoupled state, the fluctuating
particle is not present, while in the fully coupled state, it acts like a real molecule.
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Between these states, a set of partially coupled states are defined, building up the real

R, < . . 21,
particle interaction in a stepwise manner, cf. Figure 2.1

Figure 2.1: Illustration of the gradual insertion of a molecule. The fluctuating particle
(dark gray) fluctuates between state 0 (fully decoupled) and state k (fully
coupled).

The N — 1 real molecules plus the fluctuating particle m; in state of coupling 7 form a
set of sub-ensembles, which can be depicted by the following scheme

[N+ s [Ndm] e [Ntm]--- o [N+ my] o [N +m - (2.9)

To switch between neighbouring sub-ensembles, an additional move is introduced into
a standard MC simulation. The probability of accepting a change of the fluctuating
particle from state of coupling i to state of coupling j is given by

Pacc(z: =% J) = min (1% g C};‘I){—B(Uj = L‘f)}) ? (210}

where v; denotes the interaction energy of the fluctuating particle in state of coupling
i. The fluctuating states are weighted with weighting factors w; to avoid an unbalanced
sampling of the different states.

The chemical potential then can be calculated from [217]

; V. wy PN + ] >
id 0 k
= )= Feleinlo) — kg In( —n =Lz =" 7 TR, 2.11
m=pu ( ) B (p) B < N w P [N 5 thi : ( )
where P[V + 7] and P[NV + 7] are the probabilities to observe an ensemble with the

fluctuating particle fully decoupled and fully coupled, respectively. The angle brackets
denote the ensemble average.

Depending on the choice of the partially coupled states and the weighting factors, the
gradual insertion method yields good results for the chemical potential in cases where
Widom’s test particle method fails. Disadvantages of the method are the significantly
extended simulation time and the additional effort needed to defin

e the fluctuating states
and weighting factors [147, 217].
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2.4 Determination of Vapor-Liquid Equilibria

Based on the chemical potential, the VLE of pure components and mixtures can be
determined. Coexisting phases are in equilibrium if they are in thermal, mechanical,
and chemical equilibrium, i.e. if the equations

=T pi=p" ond ul=pl (2.12)

hold, where T, p, and p; are temperature, pressure, and chemical potential of component
i, respectively, and the apostrophes denote the different phases. Of course, chemical

equilibrium must hold for all components in a mixture.

Different approaches can be found in the literature, which are applicable to determine
phase equilibria by molecular simulation. Predominantely applied are the NpT+test
particle method proposed by Maller et al. [131, 132] or the Gibbs ensemble technique
proposed by Panagiotopoulos [154]. In the present work, the Grand Equilibrium method
proposed by Vrabec and Hasse [212] was used. It shows some advantages over other
approaches [212] and works well with the systems studied in this work.

The Grand Equilibrium method separates the phase equilibrium simulation into two
steps. Firstly, the liquid phase is simulated at specified temperature T and composition,
which is given by the set of mole fractions =1, ....%,. a8 well as a rough estimate of the
vapor pressure pp in a NpT ensemble simulation. During this simulation, the liguid
density g%, the chemical potentials in the liquid phase y}, and the partial molar volumes
o} of all components ¢ are determined. Note that in case of pure substances, the partial

molar volume is simply the molar volume v = 1/p.

Subsequently, the vapor phase is simulated in a pseudo-uV'T ensemble, where the tem-
perature T is specified to be the same as for the liquid simulation and the simulation
box volume is set sufficiently large for good statistics. While the simulation proceeds,
the chemical potential y; is adjusted by insertions and deletions of particles to the first

order pressure-corrected chemical potential of the liquid

i = pho(T.po) + vk (p—po) (2-13)

where p is the actual pressure in the vapor phase simulation.

Applying this simulation scheme, the vapor phase simulation converges to the dew point

corresponding to the specified temperature and liquid composition in the first step. The

vapor pressure p° as well as demsity p” and enthalpy k" of the saturated vapor are

directly determined from the vapor phase simulation. The saturated liquid density o
and saturated liquid enthalpy A’ are extrapolated by a first order Taylor series from the
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results of the liquid simulation run at pg

P = pT.po) + Brp'(r° — po) . (2.14)
and
1
R = RNT,po) + (%)T (»" — po) - (2.15)

where (). denotes the isothermal compressibility and (8h /ap);n the partial derivative of
the enthalpy with respect to the pressure at constant temperature and composition in

the liquid phase.
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3 Molecular Models of Real Fluids

As mentioned before, a central obstacle for a broader use of molecular methods in process
engineering applications is the limited availability of molecular models of desired quality.
A primary objective of the present work is the development of a systematic strategy for

the development of new sufficiently accurate molecular models.

For many substances, transferable molecular models have been developed, i.e. force
fields for classes of compounds like alkanes or alcohols. Thereby, it is assumed that
the parameters for functional groups are valid for different molecular species. The main
disadvantage of transferable models is that their parameters were adjusted for the whole
substance class and may not be optimal for a specific substance. Furthermore, they do
not cover substances outside the modeled class. An overview and assessment of some

commonly used transferable potentials can be found in [120].

Molecular models that were optimized for specific substances are available only for
selected compounds and, particularly older ones, sometimes do not show the desired
quality needed for real-world applications. Therefore, from an engineering point of view,
a method for the rapid development of new molecular models for specific substances is
of great interest. Moreover, the molecular models should be accurate, simple, and

computationally efficient.

The present work is restricted to rigid, non-polarizable models for comparatively small
molecules. The molecular models have state-independent parameters throughout. For
computational efficiency, the united-atom approach is used, i.e. hydrogen atoms bonded

to other atoms are not modeled explicitly where possible.

The proposed strategy uses information from quantum mechanical (QM) ab initio cal-
culations to include physically sound molecular properties and to reduce the number
of adjustable parameters. A remaining subset of model parameters — typically two to
four — is subsequently optimized by adjustment to experimental data on VLE of the
pure substances. The aim is to achieve deviations to experimental values for the vapor
pressure, saturated liquid density, and enthalpy of vaporization in the range from triple
point to critical point of below 5, 1, and 5 %, respectively.

Such accurate models are known from prior work [42-45, 71, 173, 174, 189, 213, 214,

216, 218, 220] to have an excellent extrapolative and predictive power. This is also

shown within the present work for some examples in Chapter 4.
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Molecular models that were developed on the basis of QM calculations, like it is done
here, stand between strictly ab initio models and fully empirical models. The present
strategy is based on the idea to include substantial ab initio information to achieve a
sound physical basis without giving up the freedom to reasonably optimize the model to
important macroscopic thermodynamic properties. Thus, for the modeling process some
experimental data is needed for optimization. All three chosen properties, i.e. vapor
pressure, saturated liquid density, and enthalpy of vaporization, have the advantage to
be well available for numerous engineering fluids and to represent dominant features of

the fluid state and phase coexistence.

3.1 Modeling Strategy

The parameters of a molecular model can be separated into three groups. Firstly, geo-
metric parameters specify the locations of the different interaction sites of the molecular
model. Secondly, electrostatic parameters define the interactions of static polarities of
single molecules. And finally. dispersive and repulsive parameters determine the attrac-
tion by London forces and the repulsion by overlaps of the electronic orbitals. Here,
the Lennard-Jones 12-6 {LJ) potential |80, 81] was used to assure a straightforward
compatibility with the majority of the molecular models in the literature.

To describe the intermolecular interactions, a varying number of LJ sites and superim-
posed ideal point dipoles and /or ideal linear point quadrupoles were used. Point dipoles
or quadrupoles were employed for the description of the electrostatic interactions to
reduce the computational effort significantly. A point dipole may, e.g. when a simula-
tion program does not support this interaction site type, be approximated by two point
charges &g separated by a distance {. Limited to small {, one is free to choose this
distance as long as u = gl holds. Analogously, a point quadrupole can be approximated
by three collinear point charges g, —2g, and g separated by [ each, where Q = 2q1%

In case of hydrogen bonding fluids, the hydrogen bonding and electrostatic interactions
are modeled by a common set of partial charges. This modeling approach was found to
vield good results on a set of hydrogen bonding substances, e.g. methanol [173], ethanol
[174], formic acid [172], or mono- and dimethylamine [176]. The strong interaction and
directional dependence of hydrogen bonds is modeled by an eccentric positive partial

charge on a negatively charged LJ site. An example is the molecular model for ammonia
presented in Section 3.5.1.

The total intermolecular interaction energy of a system of N
described above writes as

molecules modeled as
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where 7ijap, Eijabs Tijap are the distance, the LJ energy parameter, and the LJ size
parameter, respectively, for the pair-wise interaction between LJ site @ on molecule i
and L] site b on molecule j. €y is the permittivity of vacuum, whereas g;., ., and
Q;. denote the partial charge, the dipole moment, and the quadrupole moment of the
electrostatic interaction site ¢ on molecule i, and so forth. f,(w;) and f;(w;. w;) are
expressions for the dependency of the electrostatic dipolar and quadrupolar interactions
on the orientions w; and w; of the molecules ¢ and j, cf. [3, 57]. Finally, the summation
limits N, S¥, and S¢ denote the number of molecules, the number of L] sites, and the

number of electrostatic sites, respectively.

Interactions between LI sites of different type are determined here by applying the

standard Lorentz-Berthelot combining rules [6, 112]
e 5‘%@ (3.2)

and
Eijab = m (33)

In case of mixtures, this combining rules are extended by one adjustable binary param-

eter £ in the energy term
Eijab = E;’-\B'\,ﬂ‘eziutzgjjbb- (34}

This state-independent binary parameter £xp is adjusted once per binary mixture A-B to
a single reliable experimental VLE data point, e.g. to a vapor pressure. Subsequently,
€p is applied to all interactions between a molecule of species A and a molecule of

species B also in higher, e.g ternary or quarternary, mixtures. This approach was found

to be superior to other approaches from the literature [175].
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3.2 Molecular Properties from Quantum Mechanics

In a recent publication, Sandler et al. |168] give a brief overview on the use of QM
for the caleulation of thermophysical properties. By numerically solving Schridinger’s
equation under some common consumptions, it is nowadays possible to calculate dif-
ferent molecular properties for technically relevant components in a quite standardized
way. Many different QM codes are available for this task. For license reasons, the open

source code GAMESS(US) |170] was used in the present work.

3.2.1 Geometry

The geometric data of the molecular models developed in the present work, ie. bond
lengths, angles, and dihedrals, were directly taken from QM calculations. Therefore,
a geometry optimization, i.e. an energy minimization, was initially performed using
GAMESS(US) [170]. The Hartree-Fock level of theory was applied with a relatively
small (6-31G) basis set. Alternatively, density functional theory (DFT) methods, e.g.
BLY3P, can be used, as they are known to give reasonable results for the molecular
structure [104].

The resulting configuration of the atoms was taken without subsequent modification to
specify the positions of the LJ sites in space, except for the hydrogen atoms. As the
united-atom approach was used to obtain computationally efficient molecular models,
the hydrogen atoms were modeled together with the atom they are bonded to. In case
of methylene (CH,) and methyl (CH;) united atom sites, the L.J potential was located
at the geometric mean of the nuclei, while the methine (CH) united atom site was
located at 0.4 of the distance between carbon and hydrogen atom, cf. Figure 3.1. These
empirical offsets are in good agreement with the results of Ungerer et al. [208]. which
were found by optimization of transferable molecular models for n-alkanes.

3.2.2 Electrostatics

Intermolecular electrostatic interactions mainly occur due to static polarities of single
molecules that can well be obtained by QM. Here, the Maller-Plesset 2 level was used

that considers electron correlation in combination with the polarizable 6-311G(d,p) basis
set.

The purpose of the present task is the development of effective pair potentials with

a state-independent set of model parameters. Obviously, the electrostatic interactions

have a greater influence in the liquid state than in the gaseous state due to the higher
density. Furthermore, they have a higher magnitude in the liquid. Thus, for the cal-
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(a) (b) (©)

Figure 3.1: Geometry of the united-atom sites: (a) The methine (CH) site is located
at 0.4 of the carbon-hydrogen distance, (b) the methylene (CH) site and
(c) the methyl (CHj) site are located at the geometric mean.

culation of the electrostatic moments by QM, a liquid-like state should be considered.
This was done here by placing the molecule within a dielectric contimum and assigning
the experimental dielectric constant of the liquid to it, as in the COSMO method [93].

From the resulting electron density distribution for the small symmetric molecules re-
garded here, ideal point dipoles and ideal linear point quadrupoles were estimated by
simple integration over the orbitals. Magnitudes and orientations of these electrostatic

interaction sites were passed on to the molecular models without any modification.

For other, more complex molecules, more sophisticated methods like CHELP 1191,
CHELPG [12], or the distributed multipole analysis [191] are available in the litera-
ture. These methods adjust a set of partial charges or higher order electrostatic sites
to the electrostatic potential around the molecule as determined by QM. Although they
are able to reflect the electrostatic interactions with higher accuracy, they are not con-
sidered here. As these models use, e.g., the nucleus sites to place partial charges and/or
multipoles instead of trying to minimize the number of interaction sites by simultane-
ously optimizing the positions, they always yield a larger number of sites. Thus, they

lead to computationally more expensive molecular models.

3.2.3 Dispersion and Repulsion

It would be highly desirable to also calculate the dispersive and repulsive interactions
using ab initio methods as well. This approach was followed by different authors in the
past, e.g. for neon [32, 52, 141, 210, argon [33, 141, 210], krypton (140], nitrogen [107],
carbon dioxide [224], hydrogen chloride [136]. acetonitrile [70], methanol [70]. acetylene
[33], and methanethiol [54]. However, from an engineering point of view, this leads to

difficulties.
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For an estimation of dispersive and repulsive interactions at least two molecules must be
taken into account. To properly scan the energy hyper surface, many QM calculations
at different molecular distances and mutual orientations have to be performed. As the
dispersive, and partly also the repulsive, interactions are a very small fraction of the
total energy calculated by QM, highly accurate methods like coupled cluster (CC) with
large basis sets or even extrapolations to the basis set limit must be used for this task
[168].

Due to the fact that this is computationally too expensive for engineering purposes,
the parameters for the dispersive and repulsive interactions for an initial model are
taken from similar sites of other molecular models. Some of these parameters were
subsequently fitted in the optimization process to yield the quantitatively correct VLE
behavior of the modeled substance.

3.2.4 Hydrogen Bonding

For the description of hydrogen bonds, an approach proposed by Schnabel et al. [172-
174, 176) was used. Hydrogen bonding is modeled by eccentric partial charges located on
a united-atom LJ site, which acts both as hydrogen bond donor and acceptor. Figure 3.2
illustrates such a hydrogen bonding model site. The position of the partial charges is
specified according to the nuclei positions from QM, ef. Section 3.2.1, while the united-
atom LI site is located at the donor/acceptor position. This model potential interacts
strongly with potentials of the same type within specific distances and orientations
typically for hydrogen bonding [171].

>'(®
To

Figure 3.2: _\lodel’ site for hydrogen bonds. X denotes the hydrogen bond
donor,faccept_or at.on} (e.g. O or N). The partial charges are located at
the nucleus sites, while the sphere denotes the L] potential located at the
donor/acceptor atom site.

The magnitudes of the partial charges are specified to obtain the same overall polar mo-
ments as caleulated by QM for an initial molecular model. These charges are optimized

subsequently to achieve the correct description of the VLE properties of the considered
substance.
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3.3 Optimization to VLE Data

The optimization was performed using a Newton scheme as proposed by Stoll [186]. The
applied method has many similarities with the one published by Ungerer et al. [207]
and later on modified by Bourasseau et al. [8]. It relies on a least-square minimization
of a weighted fitness function F that quantifies the deviations of simulation results from
a given molecular model compared to experimental data. The weighted fitness function

writes as

1.Sll.'l.l

d
= E:'-Z (Az Rim(Mﬂ) = 3cxp)2 . (35)

wherein the n-dimensional vector My = (mq,., ..., mo,,) represents the set of n model
parameters g1, ..., Mo, to be optimized. The deviations of simulation results with a
given parameter set A; ., to experimental data A; .., are weighted with the expected
simulation uncertainties § A; «m- Equation (3.5) allows a simultaneous adjustment of the
model parameters to different thermophysical properties A; (saturated liquid density p’,
vapor pressure p,, and enthalpy of vaporization Ah, at various temperatures in the

present work).

The unknown functional dependence of the property A; on the model parameters is

approximated by a first order Taylor series developed around the initial parameter set

M,

OA; gim
Omy

1.sam(Mncw) S ‘42 sm:l(M(] + Z (mnew,j =) mﬂ.j) - (36)

Therein, the partial derivatives of A; with respect to each model parameter m;, i.e. the
sensitivities, are approximated by difference quotients
aAg_gim A;’_qjm(mg,h vy TG = Amje wers mD.n) = Ai.sim(:m(l,l' v Mg ooes mo"") : (37)

o~

ij % ATTLj

Assuming a sound choice of the model parameter variations Am;, ie. small enough to
ensure linearity and large enough to yield differences in the simulation results signifi-
cantly above the statistical uncertainties, this method allows a step-wise optimization of
the molecular model by minimization of the fitness function F. Experience shows that
an optimized set of model parameters was usually found within a few iterative steps
when starting from a reasonable initial model.

Correlations for vapor pressure, saturated liquid density, and enthalpy of vaporization

were used as “experimental data” for model adjustment and evaluation. These correla-

tions are either based on reference quality equations of state (EOS) taken from [109],

where available, or taken from the DIPPR database [165]. The latter was done even i
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cases where the DIPPR correlations are based upon no or only few true experimental
data points, as the correlations were regarded as best practice. The comparison between
simulation results and experiment was done by using fits to the simulation data accord-
ing to Lotfi et al. [114] that smooth out some scattering of the simulation results. These
fits are discussed in greater detail in Section 4.3. The relative deviation between fit and
correlation was calculated in steps of 1 K from 55 to 97% of the critical temperature

and is denoted by mean unsigned error in the following.

3.4 Application to Molecules from Different

Substance Classes

For a test of the proposed modeling strategy, a set of ten molecules from different
substance classes, i.e. iso-butane, cyclohexane, formaldehyde, dimethyl ether, dimethyl
sulfide, thiophene, hydrogen cyanide, acetonitrile, and nitromethane, is selected to check
the general applicability [31]. The present work is restricted to small molecules, where
the internal degrees of freedom may be neglected. Thus, the molecular models are rigid,
using the most stable configuration determined by QM.

The optimized parameter sets of the new molecular models are summarized in Table 3.1,
Table 3.2 compares the critical properties from simulation to experimental data. The
critical properties from simulation are obtained through fits to VLE simulation results
as suggested by Lotfi et al. |114). The estimated uncertainties of critical temperature,
critical density, and critical pressure from simulation are 0.5. 2, and 2%, respectively.
A very good agreement between simulation and experiment is reached, being predomi-
nantly within the combined error bars.

In the following sections, substance specific details are briefly discussed. Furthermore,
veferences to alternative models from the literature are given and the simulation results

from the present models are compared to simulation data from the literature where
available.
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Table 3.1: Parameters of the new molecular models. 1J interaction sites are denoted by

the modeled atoms (in boldface) with an additional bonding partner, if nec-

essary. Electrostatic interaction sites are denoted by dipole or quadrupole,

respectively. Coordinates are given with respect to the center of mass in a

principal axes system. Orientations of the electrostatic sites are defined by

standard Euler angles, where  is the azimuthal angle with respect to the

z — 2z plane and @ is the inclination angle with respect to the = axis.

Interaction - y z o elks 9 ) m Q
Site A A A A K deg deg D B

iso-butane

CH 0 0 0.8179 3.360 51.00 — — — —

CH;(1) 1.7302 0 -0.1893 3.607 12015 — — = L

CH;,(2) -0.8651 14984 -0.1893 3.607 120.15 — — — ~

CHj,(3) -0.8651 -1.4984 -0.1893 3.607 120.15 — — we —

dipole 0 0 0 — — ) Y1 BN 1y cp—

quadrupole 0 0 0 - — 0 0 — 0.7236
cyclohexane

CH,(1) 00210 -0 ET18, L1802 3497 813G — — —

CH,(2) 1.5318 0.2089 0.8863 3.497 87.39 — — — —

CH,(3) -1.5528 0.2983 0.9986 3.497 87.39 — — — —

CH,(4) 1.5318 -0.2989 -0.8863 3.497 8&7.39 — — S —

CH,(5) -1.5528 -0.2983 -0.9986 3.497 87.39 — — = ==

CH,(6) 0.0210 0.3118 -1.8052 3.497 87.39 — — — =

quadrupole 0 0 0 — - 90 90 — 0.8179
formaldehyde

0 0 0 0.6721 3.010 11261 — — — —

CH, 0 -0.7682 3.422 7742 — — — ==

dipole 0 0 0.0480 — — 180 O 26668 —

dimethyl ether

0] 0 0 06427 2797  BIHYT — — - -

CH;3(1) 1.4041 0 -0.3086 3.607 120.15 — — Liz .

CH;(2) -1.4041 © -0.3086 3.607 120.15 — — = =

dipole 0 0 0 — — 180 0 1.7040 ==

continued on next page
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22
continued from previous page
Interaction @ z o e/ks g @ # Q
Site A A A K deg deg D B
sulfur dioxide
S 0 0 03757 38312 13923 — — == —
0(1) 1.2790 O -0.3653 3.106 4318 — — — —
0(2) -1.27%0 O -0.3653 3.106 4318 — — — —
dipole 0 0 0 — == 0 0 1.9980 —
quadrupole 0 0 0 — — 90 0 — -5.3340
dimethy] sulfide
S 0 0 0.2819 3.398 207.57 — — = —
CH;(1) 11583 0 -0.3868 3.607 120.15 — — = =
CH3(2) -1.1583 0 03868 3607 12015 — — @ — e
dipole 0 0 0 e e 90 180 2.3610 =
quadrupole 0 0 0 — — 90 0 — 3.0740
quadrupole 0 0 0 — — 0 0 —_ 2.7600
thiophene
S 0 0 0.7359 4292 9565 — — — —
CH(1)-S 1.2513 0 D06T B500 4848 — — -~ —
CH(2)-S -1.2513 0 0.2067 3.590 4849 — — - -
CH(3)-CH 0.7734 0 -1.2643 3.590 4849 — — — ==
CH(4)-CH -0.7734 0 -1.2643 3.590 4849 — — — =
dipole 0 0 0 — — 180 0 1.8120 =
quadrupole 0 0 0 — e 90 0 = © 6.5389
hydrogen cyanide
N 0 0 0.6380 3.233 3969 — — — =
CH 0 0 -0.9671 3.445 10244 — — — —
dipole 0 0 0.0589 — — 180 0 3.4084 =
quadrupole 0 0 0.0589 — - 0 — 2.1800
acetonitrile
N 0 0 1.1507 3.368 53.00 — — — =
C 0 0 0.0507 2.810 1064 — — = =¥
CH; 0 0 ~L2868 3.835 16304 — — = ==
shptis D 0 0 ="lb— D i e
quadrupole 0 Q Q =1 .= 0 0 & 31373

continued on next page



3.4 Application to Molecules from Different Substance Classes 23

continued from previous page

Interaction & y z o e/ks [V} © L Q
Site A A A K deg deg D B
nitromethane

N 0 0 0.2199 3321 3490 — — i —
0(1) 1.1045 0 OiFess a080 417 — — @ — -
0(2) -1.1045 0 0.7858 3.060 45.17 — — — —
CH; 0 0 -1.5135 3.501 158.79 — — — —
dipole 0 0 0.2535 — == 180 0 3.9901 —
quadrupole 0 0 0.2535 — — 90 0 — -4.7903

Table 3.2: Critical properties: present simulation results compared to recommended
experimental data. The numbers in parentheses indicate the experimental
uncertainty in the last digits.

Tom  Te®  pam e pemo b Ref.

K K mol/l mol/l MPa MPa
iso-butane 407 407.8(5) 387 3.86(5) 365 3.64(5) [23]
cyclohexane 556 553.8(2) 3.26 3.25(2) 423 4.08(3) [23]
formaldehyde 406 408 8.38 8.70 595 6.59 [162]
dimethyl ether 403 400.2(1) 5.99 5.95(2) 5.69 5.34(5) [102]
sulfur dioxide 425 430.7(1) 815 82 (8) 7.22 79 (4) [123]
dimethyl sulfidle 511 503 (1) 4.95 491(8) 546 5.53(10) [204]
thiophene 586 580 (1) 4.46 4.57(18) 6.05 5.7 (1) [204]
hydrogencCyanide 448 457 (1) 7.89 7.4 (1) 469 54 (1) [119)
acetonitrile 540 545.5(1) 6.04 58 (1) 495 4.85(3) [119]
nitromethane 587 588 (1) 5.87 58 (0) 598 63 (1) [101]

3.4.1 Iso-Butane and Cyclohexane

The branched alkane iso-butane and the cyclic alkane cyclohexane show only very weak
static polarities. Here, the main contributions to the intermolecular interaction are
dispersion and repulsion. The electrostatic interactions have only a minor influence but

should not be neglected completely.

Different molecular models for iso-butane can be found in the literature, which are based
on force fields for branched alkanes. The well-known OPLS force field by Jorgensen et al.
is available in two versions for iso-butane, one using the united-atom approach [87] and
one using an all-atom description [88]. Both OPLS force fields were optimized to liquid
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density apd enthalpy of vaporization at 293 K only. The model of Poncela et al. [160]
was adjusted the second virial coefficient. For a better applicability in a wider range of
states, recent molecular models were optimized to experimental VLE data. Examples
from this group are the force fields presented by Nath and de Pablo {142}, Martin and
Siepmann [121], Bourasseau et al. [10], or Chang and Sandler [17].

For the present iso-butane model, four LlJ sites, one for each methyl group and one
for the methine group, are used to describe dispersion and repulsion. The polarity is
modeled by a single (weak) dipole (0.1347 D) located in the center of mass. Orientation
and magnitude of the dipole are taken from QM. For the initial model, the LJ parameters
are taken from Ungerer et al. [208]. It is sufficient to adjust a single parameter, the offset
distance of the methine group. Tt is optimized to 0.4 of the carbon-hydrogen distance,
¢f. Figure 3.1 and hold constant subsequently. The parameters of the present model are
given in Table 3.1.

VLE simmlation results on the basis of the present iso-butane model and experimental
data are given in Appendix B. Figures 3.3 to 3.5 show saturated densities, vapor pres-
sure, and enthalpy of vaporization, respectively, from the present iso-butane model in

comparison to experimental data [105].

]
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= ]
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1
200 j
]
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p /mol I

igure 3.3: Satul;tgd densities. Present simulation data: @ iso-butane, A cyclohex-
ane, dlrr?et.hyl ether‘. — correlations of experimental data [105], ¥ critical
points d.en.ved from' simulation, + experimental critical points. Simulation
uncertainties are within symbol size.
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Figure 3.4: Vapor pressure. Present simulation data: ® iso-butane, A cyclohexane,
O dimethyl ether. — correlations of experimental data [105], ¥ critical
points derived from simulation, + experimental critical points. Error bars
indicate simulation uncertainties.
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Figure 3.5: Enthalpy of vaporization. Present simulation data: @
ental data [105].

clohexane, O dimethyl ether. — correlations of experim
Simulation uncertainties are within symbol size.
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Figure 3.6 shows a deviation plot between simulation and experimental data. In the de-
viation plot also simulation results from Martin and Siepmann [121], using their TraPPE
force field, and from Nath and de Pablo [142] are included. A very good agreement is
obtained for the present model yielding mean unsigned errors in vapor pressure, satu-
rated liquid density, and enthalpy of vaporization of 4.2, 0.6, and 1.8 %, respectively, in
the temperature range from 55 to 97 % of the critical temperature, which is about 225
to 395 K. For the vapor pressure, the present model yields significantly better results
than the TraPPE force field, while no simulation data is available from Nath and de
Pablo for this property. For saturated liquid density, all three models vield comparable
results within 1% deviation to experimental data. No comparison between the models

is possible for enthalpy of vaporization due to missing numerical data in [121, 142].

For cyclohexane, different molecular models are available in the literature [9, 35, 41,
146] which all account for the internal degrees of freedom. Nevertheless, the present
cyclohexane model is assumed to be rigid and in its most stable configuration, i.e. the
saddle shape. The molecular model consists of six LJ sites, one for each methylene
group. The static polarity is modeled by a single quadrupole parametrized according to
QM. The two LJ parameters ocys and £cpa are optimized to experimental VLE data.
The parameters of the present model are given in Table 3.1.

Present simulation results and experimental data of VLE properties for eyclohexane are
given in Appendix B. Figures 3.3 to 3.5 again show VLE simulation results in comparison
to experimental data. Figure 3.7 shows the deviation plot including simulation results
from Bourasseau et al. [10]. The mean unsigned errors in vapor pressure, saturated
liquid density, and enthalpy of vaporization for the present model are 0.9, 0.5, and 5.6 %,
respectively. Simulation results for the enthalpy of vaporization show systematic relative
deviations towards the critical point, while the absolute deviation is below 2.5 kJ/mol,
cf. Appendix B.

Compared to the model of Bourasseau et al. [10] improvements in the description of the
saturated liquid density are achieved. The simulation results for vapor pressure agree
within their assumed simulation uncertainties which were not reported by Bourasseau
et al. An interesting point is that both molecular models yield the same deviations from
experimental data on the enthalpy of vaporization, while the DIPPR. database reports
true experimental data up to 0.97 7. For all other molecular models for cyclohexane
mentioned above, no numerical VLE simulation data was reported in they literature.
Thus, no comparison is made here.
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Figure 3.6: Relative deviations of VLE properties between simulation data. and corre-
lations of experimental data [105] (62 = (Zsim — Zexp) [/ Zexp) for iso-butane:
® present model, © Martin and Siepmann [121], O Nat.‘h and de Pablo
[142]. Top: vapor pressure, center: saturated liquid (?eusn-y, bott.orrj.: er%—
thalpy of vaporization. Error bars indicate simulation uncertainties, if

given in the literature.
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3.4.2 Formaldehyde and Dimethyl Ether

The present molecular model for formaldehyde consists of two LJ sites, one for the
oxygen atom and one for the methylene group, as well as one dipole. The dipole is
located in the center of mass and its magnitude was specified according to QM results,
cf. Table 3.1. All four L] parameters are adjusted to experimental VLE data and are
given in Table 3.1.

Figures 3.8 to 3.10 compare simulation results and experimental VLE data for form-
aldehyde, cf. Appendix B, and Figure 3.11 shows the relative deviations. Mean unsigned
errors in vapor pressure, saturated liquid density, and enthalpy of vaporization are 4.3,
0.9, and 8.4%, respectively.

600

TR

400

300

p / mol =

Figure 3.8: Saturated densities. Present simulation data: @ formaldehyde, A hydro-
gen cyanide, O acetonitrile, O nitromethane. — correlations of exptlarimen-
tal data [165], ¥ critical points derived from simulation, + _experlmental
critical points. Simulation uncertainties are within symbol size.

Note that, in contrast to iso-butane or cyclohexane, the available experimental data base
is very weak here. In fact, for vapor pressure only a single data set from the year 1935
[183] is available. For saturated liquid density and enthalpy of vaporization, respectively,
asingle data point at 254 K is “accepted” by the DIPPR database [165]. Thus, no further
optimization of the molecular model is attempted although the desired quality seems
not to be fully reached. Hermida-Ramén and Rios [63] published a molecular model
based on QM calculations of formaldehyde dimers and trimers. They applied their
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Figure 3.9: Vapor pressure. Present simulation data: ® formaldehyde, A hydrogen
cyanide, O acetonitrile, O nitromethane. — correlations of experimen-
tal data [165], ¥ critical points derived from simulation, + experimental
critical points. Error bars indicate simulation uncertainties.
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Figure 3.10: Enthalpy of vaporization. Present simulation data: ® formaldehyde,

A hydrogen cyanide, © acetonitrile, O nitromethane.

: — correlations of
experimental data [

165]. Simulation uncertainties are within symbol size.
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Figure 3.11:
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Relative deviations of VLE properties between simulation data and cor-
relations of experimental data [165] (6z = (Zsim — Zexp)/ Zexp) foOT Dresent
models: ® formaldehyde, O hydrogen cyanide, A sulfur dioxide. Top:
vapor pressure, center: saturated liquid density, bottom: enthalpy of
vaporization. Error bars indicate simulation uncertainties.
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model to liquid phase simulations but reported no results on VLE properties. Thus, no
comparison was done here.

Dimethyl ether is modeled with three L] sites in the present work, one for the oxygen
atom and one for each methyl group. A dipole is located in the center of mass and
oriented along the symmetry axis of the molecule, where the dipole moment is again
taken from QM. For an initial model, the same LJ parameters of the methyl group are
taken as for the iso-butane model, i.e. those by Ungerer et al. [208]. An adjustment
of the two LJ parameters of the oxygen site is sufficient to reach the desired quality.
Alternative models for dimethyl ether are given in [82, 91, 110, 192].

Figures 3.3 to 3.5 show the simulation results for the present model of dimethyl ether
in comparison to the experimental VLE data, while Appendix B summarizes them
in numerical form. Figure 3.12 shows the relative deviations between simulation and
experiment also including simulation results from Stubbs et al. [192] and very recent
results from Ketko and Potoff [91]. For dimethyl ether a good experimental data base
is available for optimization of the molecular model. The simulation data of the present
model is in very good agreement with the correlations of experimental data. The mean
unsigned errors in vapor pressure, saturated liquid density, and enthalpy of vaporization
are 2.6, 0.4, and 1.0 %, respectively.

For vapor pressure, both molecular models specifically adjusted to dimethyl ether, i.e.
the present model and the model by Ketko and Potoff [91], vield better results than the
transferable molecular model by Stubbs et al. [192], while for saturated liquid density
all models perform similarly. For enthalpy of vaporization, the present model and the
model by Ketko and Potoff also yield comparable results. Note that the parameters for
the electrostatic interactions of the model by Ketko and Potoff [91] were adjusted to
experimental VLE data as well.

It can be summarized that the model by Ketko and Potoff [91] and the present dimethyl
ether model are of similar quality and outperform the transferable model by Stubbs et
al. [192]. While Ketko and Potoff [91] adjusted four LJ parameters and the point charge
magnitudes for their electrostatic interactions, following the proposed modeling strategy
an optimization of only two LJ parameters is sufficient to reach the same quality.



3.4 Application to Molecules from Different Substance Classes 33

&p-100

=]
(=]

}
it
ol
P Y

5p"100

0.8 09 1.0
FE

Figure 3.12: Relative deviations of VLE properties between simulation data and cor-

relations of experimental data [165] (82 = (Zsim — Zexp)/ Zexp)
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3.4.3 Sulfur Dioxide, Dimethyl Sulfide, and Thiophene

For sulfur dioxide, a molecular model was published by Sokoli¢ et al. [180, 181] which
was optimtized to total energy and pressure in the liquid state. It was recently reviewed
by Ribeiro [163]. Alternatively, the commercial force field COMPASS [232] reports

parameters for sulfur dioxide.

For the present molecular model, the intermolecular interactions of sulfur dioxide are
modeled with three LJ sites, i.e. one per atom, plus one dipole and one quadrupole.
The electrostatic sites are located in the center of mass and parametrized according to
the results of QM calculation. The four parameters of the L] sites, i.e. ag, £s, 0g, and
€0, are adjusted to experimental VLE data. All parameters of the molecular model are

given in Table 3.1.

Present simulation results for sulfur dioxide are compared to experimental VLE data
in Figures 3.13 to 3.15, cf. also Appendix B. Figure 3.11 shows the relative deviations
between simulation and experiment for the present model, while no numerical VLE
simulation data for sulfur dioxide from other authors is available in the literature. Mean
unsigned errors in vapor pressure, saturated liquid density, and enthalpy of vaporization
are 4.0, 0.9, and 1.6 %, respectively. The good experimental data base, with more than
60 individual experimental VLE data points, allows a thorough optimization of the
molecular model to the desired quality.

Literature models for dimethyl sulfide are given in |25, 83, 115]. The present dimethyl
sulfide model consists of three LJ sites, one for the sulfur atom and one for each methyl
group. The electrostatic interactions are modeled by one dipole and two quadrupoles
oriented perpendicularly 1o each other. This description of the electrostatics is chosen,
as QM yields a charge distribution, which can not properly be described with a lower
number of electrostatic sites. The LJ parameters of the methyl groups are assumed to
be the same as for iso-butane and dimethyl oxide, while the parameters of the sulfide
are adjusted to experimental VLE data.

Figures 3.13 to 3.15 show the present simulation results for dimethyl sulfide in com-
parison to experimental VLE data, while numerical results are given in Appendix B.
Figure 3.16 shows the relative deviations between simulation and experiment for the
present model and for the model of Lubna et al. [115]. Note that simulation results on
enthalpy of vaporization were not included in [115]. For the present model of dimethy
sulfide, mean unsigned errors in vapor pressure, saturated liquid density, and enthah;v
of vaporization are 4.0, 0.7, and 3.8 %, respectively. Particularly the vz;por pressurei‘s
better described than by the model of Lubna et al. )
Also thiophene is described in the present work by

: a rigid model in its most stable
conformation, as for cyclohexane.

Five LJ sites, one for each of the four methylene
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Figure 3.13: Sa?mted densities.  Present simulation data: ® sulfur dioxide
qﬁ—unethy.l .Sulﬁde,l o thio_phene. — correlations of experimental data
| .:)i, . £ c.rmcal points derived from simulation, 4 experimental critical
points. Simulation uncertainties are within symbol size.

groups and one for the sulfur atom, as well as one dipole and one quadrupole are
used. The electrostatic parameters are directly passed on from QM. A total of four LJ
paramieters, i.e. ocn2, Ecma, s, and £g, are adjusted to experimental VLE data. The
optimized parameters are given in Table 3.1. Alternative molecular models for thiophene
can be found in the literature |89, 115, 157]

Figures 3.13 to 3.15 compare simulation results to experimental VLE data for thiophene,
of. Appendix B, while the relative deviations are shown in Figure 3.17. In the deviation
pl—ot also simulation results from Lubna et al. [115], Judrez-Guerra et al. [89], and
Pérez-Pellitero et al. [157] are included. Mean unsigned errors of the present model in
vapor pressure, satnrated liquid density, and enthalpy of vaporization are 3.8, 1.2, and
3.2%, respectively.

The thiophene model by Juarez-Guerra et al. [89] shows significant deviatio

va b2 : ; . ;

por pressure and saturated liquid density while no simulation results for the enthalpy
sotropic united atoms (AUA) po-
mplete

ns in both

of vaporization were given by the authors. The ani
tential by Pérez-Pellitero et al. [157] overpredicts the vapor pregsure over the co
Simulation results for saturated liquid densi
eement with the DIPPR correlation for

values than the DIPPR correlation for

temperature range by up to 20%. ty and

enthalpy of vaporization are in very good agr
I : :
ow temperatures but give noticeably higher
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Figure 3.14: Vapor pressure. Present simulation data: ® sulfur dioxide, A dimethyl
sulfide, O thiophene. — correlations of experimental data [165], ¥ critical
points derived from simulation, + experimental critical points. Error bars
indicate simulation uncertainties.
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Figure 3.15: Enthalpy of vaporization. Present simulation data: ® sulfur dioxide,

A (itme‘Fh}fl su-lﬁde, © thiophene. — correlations of experimental data
(165]. Simulation uncertainties are within symbol size.
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Figure 3.16: Relative deviations of VLE properties between simulation data and cor-
relations of experimental data [165] (62 = (Zsim — Zexp)/ Zexp) for dimethyl
sulfide: ® present model, © Lubna et al [115]. Top: vapor pressure,
center: saturated liquid density, bottom: enthalpy of vaporization. Error
bars indicate simulation uncertainties, if given in the literature.

temperatures above 0.7 T,.. Finally, the TraPPE force field by Lubna et al. [115] yields

vapor pressure results that agree well with the DIPPR correlation and the simulation

g their scatter. However, saturated densities

results from the present model considerin
ular

are higher than the correlation towards the critical point as for the other three molec
models regarded here. For enthalpy of vaporization, no numerical data were given by
Lubna et al.

It should be noted that for thiophene experimental vapor pressure data is available for
temperatures up to around 0.9 T, experimental gaturated liquid densities and enthalpies
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Figure 3.17: Relative deviations of VLE properties between simulation data and corre-
lations of experimental data [165] (82 = (2qm — Zexp)/ Zexp) for thiophene:
® present model, © Lubna et al. [115], O Juérez-Guerra et al. [89],
& Pérez-Pellitero et al. [157]. Top: vapor pressure, center: saturated
liquid density, bottom: enthalpy of vaporization. Error bars indicate
simulation uncertainties, if given in the literature.

of vaporization are only available up to approximately 0.63 T.. Thus, an assessment of

the different molecular models regarding density and enthalpy of vaporization above
0.7 Tt on the basis of the DIPPR, correlations is questionable.
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3.4.4 Hydrogen Cyanide, Acetonitrile, and Nitromethane

Hydrogen cyanide is modeled in the present work with two L] sites, one for the methine
group and one for the nitrogen atom. Electrostatic interactions are modeled by one
dipole and one quadrupole oriented along the symmetry axis, where the parameters are
passed on from QM. All four LJ parameters are adjusted to experimental VLE data.
The optimized parameters can be found in Table 3.1. For hydrogen cyanide no other
molecular models were found in the literature.

Figures 3.13 to 3.15 compare simulation results and experimental VLE data for hydro-
gen cyanide. Numerical data is given in Appendix B. Figure 3.11 shows the relative
deviations. Unfortunately, the DIPPR database [165] contains no true experimental
data on the enthalpy of vaporization for hydrogen cyanide. Consequently, in the opti-
mization process, only minor attention is paid to the enthalpy of vaporization. Mean
unsigned errors in vapor pressure, saturated liguid density, and enthalpy of vaporization
are nominally 7.2, 1.0, and 12.2 %, respectively.

Several molecular models for acetonitrile are available in the literature. Jorgensen and
Briggs [84], Price et al. [161], Guérdia et al. [59], and Nikitin and Lyubartsev [149]
present models that were optimized to the liquid density and enthalpy of vaporization
at 293 K. Hloucha and Deiters [69] give a polarizable molecular model for simulations
in the liquid state while Hloucha et al. |70] published a model that is based on ab initio
caleulations.  Finally, Wick et al. [227] proposed an extension of their TraPPE force
field that was optimized to VLE data to cover acetonitrile.

In the present work, acetonitrile is modeled using three LJ sites, one for the methyl
group, one for the central carbon atom, and one for the nitrogen atom. The electrostatic
interactions are modeled by one dipole and one quadrupole, located in the center of mass
and parametrized strictly according to QM results. The parameters of the LJ sites of
the methyl group and the nitrogen atom are adjusted to experimental VLE data. The
LJ parameters of the central carbon atom are taken from unpublished work on carbon
dioxide and excluded from optimization, as only a very weak sensitivity of the VLE
simulation results on these parameters is found. All parameters of the molecular model
are given in Table 3.1.

Simulation results for acetonitrile are compared to experimental VLE data Figures 3.8
to 3.10 and in Appendix B. The relative deviations between simulation and experiment
are shown in Figure 3.18 besides results of the OPLS-UA force field by Jorgensen and
Briggs [84] and the TraPPE force field by Wick et al., which were reported for both
models in [227]. Despite the good experimental data base, the desired quality is not
achieved by the present optimization. Ouly a fair description of the experimental VLE is
reached. Mean unsigned errors in vapor pressure, saturated liquid density, and enthalpy
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Figure 3.18: Relative deviations of VLE properties between simulation data and corre-
lations of experimental data [165] (62 = (zgim— Zexp)/ Zexp) for acetonitrile:
® present model, © Wick et al. [227], O Jorgensen and Briggs |84, 227].
Top: vapor pressure, center: saturated liquid density, bottom: enthalpy
of vaporization. Error bars indicate simulation uncertainties, if given in
the literature.

of vaporization are 19.7, 0.9, and 5.4%, respectively.

The large relative deviations in VApOor pressure are a consquence of systematic under-
estimations at low temperatures. In this region also difficulties are encountered in the
simulative calculation of the chemical potential in the liquid phase to determine the
phase equilibrium. This is even the case when the more sophisticated gradual insertion
method [212] is used, as described in Section 2.3.2.

The OPLS-UA force field by Jorgensen and Briggs [84] significantly overestimates the
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vapor pressure of acetonitrile and shows deviations in the saturated liquid density up to
4%, cf. Figure 3.18. Simulation results for vapor pressure obtained with the TraPPE
force field by Wick et al. [227] show a very good agreement with the DIPPR correlation,
while the saturated liquid density is slightly overpredicted towards the critical point. No
comparison of the literature models for acetonitrile is possible regarding the enthalpy of
vaporization due to the lack of numerical simulation results.

The present molecular model for nitromethane consists of four LJ sites, one for the
methyl group, one for the nitrogen atom, and one for the two oxygen atoms each. The
electrostatic interactions are modeled by one dipole and one quadrupole oriented along
the symmetry axis, where the parameters are specified according to QM results. All six
L] parameters are adjusted to experimental VLE data. Alternative models are available
in the literature [4, 161, 182, 227].

Figures 3.13 to 3.15 compare the present simulation results for nitromethane with exper-
imental VLE data, cf. Appendix B. Figure 3.19 shows the relative deviations obtained
with the present model, the OPLS-AA force field by Price et al. [161], and the TraPPE
force field by Wick et al. [227]. For the present model of nitromethane, mean unsigned
ertors in vapor pressure, saturated liquid density, and enthalpy of vaporization are 18.7,
0.2, and 7.0%, respectively. Again, a systematic underprediction of the vapor pressure
at low temperatures is found, leading to the high relative deviations, as for acetonitrile.

The OPLS-AA force field [161] overpredicts the vapor pressure by about 100% and
underpredicts the saturated liquid density by up to 6%. The TraPPE force field of
Wick et al. [227] that was optimized to experimental VLE data, yields very good
results in vapor pressure for low temperatures while the result for the highest simulated
temperature deviates by +34 % from the DIPPR correlation. Regarding saturated liquid
density, strong scatter and large statistical uncertainties of the simulation results are

observed for both literature models.
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Figure 3.19: Relative deviations of VLE properties between simulation data and cor-
relations of experimental data [165] (62 = (zeim — Zerp M Zexp) FOrmE
tromethane: ® present model, © Wick et al. [227], O Price et al. [161].
Top: vapor pressure, center: saturated liquid density, bottom: enthalpy

of vaporization. Error bars indicate simulation uncertainties, if given in
the literature.
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3.5 Other Molecular Models

The applicability of the proposed modeling strategy was shown in the previous sec-
tion. In this section, it is applied to develop molecular models for ammonia, ethylene
oxide, and heptafluoropropane (R227ea). These models are subsequently used for the
prediction of different thermophysical properties as described in Chapter 4.

3.5.1 Ammonia

Different approaches can be found in the literature to construct an intermolecular po-
tential for ammonia to be used in molecular simulation. Jorgensen and Ibrahim [86] as
well as Hinchliffe et al. |66] used experimental bond distances and angles to locate their
interaction sites. Jorgensen and Ibrahim [86] fitted a 12-6-3 potential plus four partial
charges to results from ab initio QM calculations they derived from 250 mutual orien-
tations of the ammonia dimer using the STO-3G minimal basis set. To yield reasonable
potential energies for liquid ammonia compared to experimental results, they had to
scale their potential by a factor of 1.26.

Hinchliffe et al. [66] used a combination of exponential repulsion terms, an attractive
Morse potential, and four partial charges to construct their intermolecular potential.
The parameters were determined by fitting to a total of 61 points on the ammonia
dimer energy surface at seven different orientations, which were calculated by QM using
the 6-31G* basis set. Hinchliffe et al. have pointed out that the parametrization is
ambiguous concerning the selection of dimer configurations and the utilized interaction
potentials. Also the different models perform differently well on various properties.

In a later work, Impey and Klein [77] reparametrized the molecular model by Hinchliffe
etal. [66]. They switched to an “effective” pair potential using one L] site at the nitrogen
nucleus position to describe the dispersive and repulsive interactions. The parameters
were optimized to the radial distribution function gy_x of liquid ammonia measured by
Narten [139].

Krist6f et al. [99] used this model to predict VLE properties and found systematic
deviations in both vapor pressure and saturated densities. So they decided to develop
a completely new molecular model. Again, they used experimental bond distances
and angles to locate the interaction sites. Al further parameters of their model, i.e.
the partial charges on all atoms and the parameters of the single LJ potential, were
adjusted to vapor-liquid coexistence properties. With this model, Kristof et al. reached
a description of the VLE of ammonia of reasonable accuracy.

For their simulations, Kristof et al. used the Gibbs ensemble Monte Carlo (GEMC)
technique [154, 155] with an extension to the NV, pH ensemble [97, 98]. This method has
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some difficulties simulating strongly interacting fluids, vielding relatively large statistical

uncertainties.

The VLE of ammonia, as modeled by Kristof et al. [99], is also simulated in the present
work applying the methods gradual insertion and Grand Equilibrium, cf. Sections 2.3.2
and 2.4. Leading to much smaller statistical errors, results slightly outside the error
bars of Kristof et al. are obtained. Also systematic deviations to the experimental
VLE properties are found, especially in the vapor pressure and critical temperature, cf.
Figures 3.20 to 3.22.

In the present work, a new molecular model for ammonia is proposed [30]. This model
is based on the work of Kristéf et al. [99], which is improved by including data on
geometry and electrostatics from ab initio QM calculations. This preliminary model
uses the L] parameters by Kristof et al., which are then adjusted to experimental VLE
data until a desired quality is reached. The resulting model, denoted as new model in
the following, is used subsequently to predict thermophysical properties apart from the

phase coexistence curves, cf. Section 4.2.

For both present models, a single L site is used to describe the dispersive and repulsive
interactions. The electrostatic interactions as well as hydrogen bonding are modeled by
a total of four partial charges located at the nuclei positions obtained from QM. The
parameters of the molecular models for ammonia are listed in Table 3.3.

VLE results for the new model are compared to data obtained from a reference qual-
ity EOS [202] in Figures 3.20 to 3.22. These figures also include the results from the
preliminary model and the model of Kristof et al. [99]. The present numerical simula-
tion results together with experimental data |202] are given in Appendix B. Technical
simulation details are given in Appendix A.

The reference EOS [202] used for adjustment and comparison here, was optimized to aset
of 1147 experimental data points. It is based on two older EOS from the late 1970s [2,61]
and is recommended by the National Institute of Standards and Technologies (NIST)
within their reference EOS database REFPROP [105]. The estimated uncertainties of
the EOS are 0.2% in density, 2% in heat capacity, and 2% in the speed of sound, except
in the critical region. The uncertainty in vapor pressure is 0.2 %.

The model of Kristof et al. 199] shows noticeable deviations from experimental data.

The mean unsigned errors over the V LE range are 1.9% in saturated liquid density,
13 % in vapor pressure and 5.1 % in enthalpy of vaporization. Even without any further
adjustment to experimental data, a better description is found using the pr;Iiminﬂl'}'
model. The deviations between simulation results and reference EOS are 1.5% in satu-
rated liquid density, 10.4% in vapor pressure and 5.1% in enthalpy of vapt;rization-

With r T .
ith the new model a significant improvement is achieved compared to the model
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Table 3.3: Parameters of the molecular models for ammonia.

Interaction z y z o z/kg q
Site A A A A K e
preliminary model
N 0 0 0.0757 3.385 170.00 -0.9993
H(1) 0.9347 0 -0.3164 — — 0.3331
H(2) -0.4673 0.8095 -0.3164 — — 0.3331
H(3) 04673 -0.8095 -03164 —  —  0.3331
new model
N 0 0 0.0757 3.376 182.90 -0.9993
H(1) 0.9347 0 T
H(2) -0.4673 0.8095 -0.3164 — — 0.3331
H(3) 04673 08095 03164 — — 03331

400 j
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Figure 3.20: Saturated densities of ammonia. Present simulation data: ® new model,

O model of Kristof et al. [99]. A preliminary model. — reference EOS
[202]. Critical points derived from simulation: © new modfal, | modeli of
Kristof et al. + experimental critical point [123]. Simulation uncertain-
ties are within symbol size.
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Figure 3.21: Vapor pressure of ammonia. Present simulation data: ® new model,

O model of Kristéf et al. [99], A preliminary model. — reference EOS
|202]. Error bars indicate simulation uncertainties.
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/K

Figure 3.22: Enthalpy of vaporization of ammonia. Present simulation data: ® new

model, [ model of Kristéf et al. [99], A preliminary model. — reference
EOS [202]. Simulation uncertainties are within symbol size.
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of Kristdf et al. [99]. The description of the experimental VLE is very gaod, the
mean unsigned deviations in saturated liquid density, vapor pressure and enthalpy of
vaporization are 0.7, 1.6, and 2.7 %, respectively. Only at low temperatures, in the range
of ambient pressure, a slightly worse description of the vapor pressure compared to the
preliminary model is observed. In Figure 3.23 the relative deviations of the new model,
the model of Kristéf et al., and the preliminary model are shown in the whale range of
the VLE from triple point to critical point.

Mathews [123] gives experimental critical values of temperature, density and pressure
for ammonia. In Table 3.4 these values are compared to the results obtained from si-
mulation following the procedure suggested by Lotfi et al. [114]. The model of Kristof
et al. [99] underpredicts the critical temperature by 2.4 %. The latter two models give
reasonable results for the critical temperature, while the new model underpredicts the

critical pressure slightly.

Table 3.4: Critical data of ammonia. Experimental data compared to results from
molecular models.

T Pe Pe

K mol/l MPa
experimental data [123] 406.65 13.8 11.28
model of Kristof et al. [99] 39582 140 11.26
preliminary model 403.99 141 11.67
new model 402,21 134 10.52
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3.5.2 Ethylene Oxide

In the present work, a new molecular model for ethylene oxide is developed [29]. This
model is based on prior work of Stoll [186] and is further optimized to experimental
VLE data, i.e. saturated liquid density, vapor pressure, and enthalpy of vaporization.
The present model consists of three LI sites (one for each methylene group and one
for the oxygen atom) plus one static point dipole. Again, the united-atom approach is
used and due to the fact that ethylene oxide is a small molecule, the internal degrees of
freedom may be neglected and the model was assumed to be rigid. Here, experimental
data on the molecular structure [117] is used to specify the location of the LJ sites, as
this was done by Stoll [186].

A set of five adjustable parameters, i.e. the four LJ parameters ocua, £cra, 0o, €0, and
the dipole moment g. is optimized. Correlations of experimental data are taken from the
DIPPR database [165]. For ethylene oxide the correlations to saturated liquid density
and vapor pressure are based on real experimental data points from 222 to 461 K and 213
to 469 K, respectively. Note that the correlation of the enthalpy of vaporization is based
on three experimental data points in the range from 284 to 298 K only. Additionally, data
points for enthalpy of vaporization come from predictions by various authors, mostly
based on the Clausius-Clapeyron equation. Nevertheless, the DIPPR correlations are
used as they are assumed as best practice. The saturated vapor density of ethylene
oxide is calculated from the correlations for saturated liquid density, vapor pressure,
and enthalpy of vaporization using the Clausius-Clapeyron equation. This data is only
used in some figures here, but is not included in the model optimization process.

Following the optimization procedure presented in Section 3.3, an optimized paramet
set is obtained after three iteration cycles. The geometry of the optimized model

shown in Figure 3.24, while the model parameters are listed in Table 3.5.

In Figures 3.25 to 3.27, saturated densities, vapor pressure, and enthalpy of vaporization
are shown for the present ethylene oxide model. In these figures also results are included,
which are obtained with the molecular model for ethylene oxide proposed by Wielopolski
and Smith [230]. Numerical simulation results for the VLE from both models are given

in Appendix B.

The mean unsigned errors of the present model, i.e. the relative deviation from exper-

imental data in vapor pressure, saturated liquid density, and enthalpy of vaporization,
are 1.5, 0.4, and 1.8%, respectively, cf. Figure 3.28. Please note that sinulation data
obtained with the model of Wielopolski and Smith are not included in Figure 3.28 as

they are not within scale.

Individual VLE simulation results from the present model between 235 and 445 K de:;laf:e
by less than 3% in vapor pressure and heat of vaporization, and less than 0.5% in
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Figure 3.24: Geometry of the present model for ethylene oxide. Note that all sites of
the present model are within the z-z-plane.

Table 3.5: Coordinates and parameters of the present molecular model for ethylene
oxide. The three L1 sites are denoted by the molecular group which they
represent, while the single dipolar site is denoted by dipole. All coordinates
are in principal axes with respect to the center of mass. The orientation
of the electrostatic site is defined in standard Euler angles, where @ is the
azimuthal angle with respect to the z-y-plane and @ is the inclination angle
with respect to the z-axis.

Interaction T Y z o e/kg 0 7 e
Site A A A A K deg deg D
CH:(1) 0.7800 0 -0.4843 3.527 8474 — — S
CH,(2) -0.7800 0 -0.4843 3.527 84.74 — — —
8] 0 0 0.7357 3.093 6213 — — =
dipole a 0 9 — — D 0 2459
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Figure 3.25: Saturated densities of ethylene oxide. Simulation data: @ present model,
A model of Wielopolski and Smith [230]. — Correlation of experimental
data [165]. Critical points derived from simulation: O present model,
A model of Wielopolski and Smith. + experimental eritical point [101].
Statistical uncertainties are within symbol size. The inset shows the
critical region in greater detail.

saturated liquid density, cf. Figure 3.28. The only exception is the vapor pressure at
the lowest simulated temperature, where the statistical uncertainty is large in relative

terms (being 5 kPa in absolute terms).
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Vapor pressure of ethylene oxide. Simulation data: @ present model,
A model of Wielopolski and Smith [230]. — Correlation of experimental
data [165]. Error bars indicate simulation uncertainties.
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Enthalpy of vaporization of ethylene oxide. Simulation data: ® present
model, A model of Wielopolski and Smith [230]. — Correlation of exper-
Imental data [165]. Statistical uncertaintios are within symbol size.
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Relative deviations of VLE properties between simulation data and cor-
relations of experimental data [165] (62 = (Zsim — Zexp)/Zexp) for ethylene
oxide: ® present model, — — fits of simulation data, cf. Equations (4.2)
to (4.4). Top: vapor pressure, center: saturated liquid density, bottom:
enthalpy of vaporization. Error bars indicate sitnulation uncertainties.
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3.5.3 Heptaflouropropane (R227ea)

The new molecular model for 1,1,1,2,3,3,3-heptafluoropropane (R227ea, CF3-CHF-CFy)
is developed based on QM calculations and optimized using experimental vapor pres-
sure and saturated liquid density [27]. A rigid model with ten LJ sites plus one point
dipole and one point quadrupole is chosen balancing between accuracy and simplicity
of the model. The assumption of rigidity is reasonable due to the compact shape of the
molecule, where only minor conformational changes are present. Neglecting the explicit
repulsive and dispersive contribution of the hydrogen atom, the number of L] sites is

determined by the number of the remaining atoms (11 total — 1 hydrogen) here.

Following the proposed modeling strategy, the geometric and electrostatic parameters
of the molecular model are taken directly from QM calculations. The parameters of
the LJ sites are optimized to correlations of experimental saturated liquid density and
vapor pressure of pure R227ea [165] in the range from 280 to 355 K. Three different LJ
parameters sets are used: one for the seven fluorine atom sites, one for the united-atom
methine (CH) group site, and one for the remaining two carbon atom sites. As a starting
set for optimization, LJ parameters are taken from the iso-butane model, and for the
fluorine sites from a model for its bonded molecular form F, [219]. Tt is sufficient to
adjust only the two fluorine L.J parameters, where the optimization hardly changes the
size parameter o and varies the energy parameter £ by about +5 %. The parameters of
the optimized model are listed in Table 3.6.

VLE data from the new R227ea model are shown together with experimental data [163]
in Figures 3.29 to 3.31. Numerical results are given in Appendix B. The agreement
between the molecular model and the experimental data is very good. The mean un-
signed errors in vapor pressure, saturated liquid density, and enthalpy of vaporization
are 1.1, 1.0, and 7.3 %, respectively, in the temperature range from 280 to 355 K, which
is about 75 to 95 % of the critical temperature, cf. Figure 3.32. Following the procedure
suggested by Lotfi et al. [114], the critical values of temperature, density and pres-
sure are determined: T, =375.22 (374.83) K, p. =3.375 (3.650) mol/l, and p. =2.833
(2.912) MPa. The numbers in parentheses are based upon experimental data and are

taken from [138]. A good agreement for the critical properties is found, cf. Figures 3.29
and 3.30.
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Table 3.6: Coordinates and parameters of the molecular model for 1,1,1,2,3,3,3-
heptafluoropropane (R227ea). The ten LI sites are denoted in boldface
by the molecular group which they represent, while the electrostatic sites
are denoted dipole and quadrupole. All coordinates are in principal axes
with respect to the center of mass. The orientation of the electrostatic site
is defined in standard Euler angles, where ¢ is the azimuthal angle with
respect to the z-y-plane and @ is the inclination angle with respect to the

z-axis.
Interaction T Y z o c/ks 0 ) " Q
Site A A A A K deg deg D B
C() 0.1434 -0.0005 -1.2780 281 1064 —  — = =
C(2)-H -0.4021 -1.0096 0 336 5100 — @ — — —
C(3) 0.1434 -0.0095 1.2789 281 1064 —  — — —
FC(1) -0.0042 1.3214 -1.3514 2.826 5479 — @ — — —
F-C(1) -0.4737 -0.5626 -2.3300 2.826 5479 — @ — — —
F-C(1) 1.4560 -0.3038 -1.3482 25826 5479 —  — — —
F-C(2) -1.7998 -0.2655 0 2.826 54.79 — — s —.
F-C(3) -0.0042 1.3214 1.3514 2826 54.79 — @ — — —
F-C(3) 0.4739 -0.5626 2.3390 2.826 5479 — @ — — —
F-C(3) 1.4560 -0.3038 1.3482 2826 5479 —  — — -
dipole 0 0 0 <=L 90 27848 2200 —
quadrupole 0 0 0 — — 90 8.48 — 6.440
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Figure 3.29: Saturated densities of R227ea: ® present simulation data, — correlation
of experimental data [165], ¥ critical point derived from simulation data,

A experimental critical point [138]. Simulation uncertainties are within
symbol size.
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Figure 3.30: Vapor pressure of R227ea: ® present simulation data, — correlation of
experimental data [165], ¥ critical point derived from simulation data,
A experimental critical point [138]. Error bars indicate simulation un-
certainties.
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Figure 3.31: Enthalpy of vaporization of R227ea: ® present simu]ation.data, e
relation of experimental data [165]. Simulation uncertainties are within

symbol size.



58

3 Molecular Models of Real Fluids

Figure 3.32:

i i [ ] 3
0 I - ]
= I ]
< -10 + i 3
£, b
w20 + E
-30 + " i
e l I Fegne 4
1 i » [ ] EE} :'
s s :
w2 ‘
=zl T S ! L 4 IE -
10+ .
g » ¢ €
—_ s®
= 54 l! =
3
o
0
200 250 300 350
TIK

Relative deviations of VLE properties between simulation data and cor-
relations of experimental data [165] (62 = (2. — Zexp) /[ Zexp) Tor R22Tea:
® present model. Top: vapor pressure, center: saturated liquid den-

sity, bottom: enthalpy of vaporization. Error bars indicate simulation
uncertainties.
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3.6 Conclusion

A strategy is proposed for the rapid development of molecular models for engineering
applications, The strategy relies on results from QM ab initio calculations to include
physically sound molecular properties and to reduce the number of adjustable param-
eters. Dispersive and repulsive interactions are modeled by LJ sites. Thus, the LI
interaction sites are located according te atom positions obtained by QM energy mini-
mization on the Hartree-Fock level. For the parametrization of the electrostatic interac-
tions, QM calculations are performed using the Moller-Plesset 2 level of theory and the
COSMO method. The resulting electron density distribution is reduced to ideal point
dipoles and ideal linear point quadrupoles located in the center of mass. The moments
and orientations of the dipoles and quadrupoles are passed on to the molecular models

without any modification,

A united-atom approach is used for methine, methylene, and methyl groups as well as
for ammonia to reduce the total number of interaction sites. The parameters of the LJ
sites are initially taken from similar sites of other molecular models and subsequently
optimized to reproduce experimental VLE data, i.e. vapor pressure, saturated liquid
density. and enthalpy of vaporization. It is aimed to achieve deviations between simula-
tion and experiment of below 5, 1, and 5% in vapor pressure, saturated liquid density,

and enthalpy of vaporization, respectively.

As a case study, the new modeling strategy is successfully applied to a set of ten
molecules from different substances classes, i.e. iso-butane, cyclohexane, formaldehyde,
dimethyl ether, sulfur dioxide, dimethyl sulfide, thiophene, hydrogen cyanide, acetoni-
trile, and nitromethane. Simulation results for the different substances agree well with
correlations of experimental data taken from reference quality EOS [105] or the DIPPR
database [165], with noticeable deviations in the vapor pressure at low temperatures fo

acetonitrile and nitromethane.

For the two elongated molecules acetonitrile and nitromethane, the reduction of the elec

trostatic interactions to sites located in the center of mass may be an over-simplification,
as the optimization of the molecular models is not fully satisfactory. Also an adjustment
of the electrostatic parameters, while keeping the ratio of the polar moments constant
(not reported here in detail), does not yield significant improvements in the quality of
the molecular models. A further study, e.g. using two or more spatially distributed
electrostatic sites, is beyond the scope of this work.

For all other molecules, a significant improvement compared to available molecular mod-
els from the literature is achieved. By an optimization to substance specific experimental
VLE data, a very good description of the phase equilibrium is obtained. Furt.herm'orf_a,
in case of dimethyl ether it is shown that with the proposed modeling strategy it is




60 3 Molecular Models of Real Fluids

possible to reach the same model quality by optimization of just two model parameters
compared to five optimized parameters for the model by Ketko and Potoff [91]. This
clearly illustrates the reduced modeling effort of the presented modeling strategy.

Finally, the modeling strategy is applied to other molecules. Molecular models for am-
monia, ethylene oxide, and heptafluoropropane (R227ea) are developed. The proposed
modeling strategy allows a reduction of the adjustable parameters to a reasonable num-
ber, which simplifies the optimization of the models to experimental VLE data. Besides
a significantly accelerated parametrization, the new molecular models show very good
results for VLE properties compared to experimental data. These models are subse-
quently used to predict other thermophysical properties of the modeled substances as
described in the next chapter.
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4 Applications in Process Engineering

Amajor advantage of molecular modeling and simulation is the very good extrapolative
power and transferability due to its sound physical basis. For applications in process
engineering, often properties at different and sometimes extreme state points are needed.
The desired properties are not only VLE data of pure substances, but in most cases,
e.g., thermal or caloric properties in the homogeneous fluid region, transport properties,
surface tension, or thermophysical properties of mixtures.

In this chapter, some applications of the previously developed molecular models are pre-
sented. Besides a prediction of the second virial coefficient for all modeled substances,
further results will be presented for selected cases. For ammonia, structural quantities
are determined and compared to available experimental data. Also thermal and caloric
properties are predicted over a wide range of state points and compared to a reference
quality EOS. For ethylene oxide, the general transferability of molecular models is shown
by predicting a total of 17 different thermophysical properties, including surface tension
and transport properties. Finally, two applications to mixtures are given: The deter-
mination of the VLE for the binary mixture ethanol + heptafluoropropane (R227ea) is
presented. Concluding the chapter, the simulation of properties of dry and humid air,

including the prediction of the dew point, is showmn.

4.1 Second Virial Coefficient

The virial expansion gives an EOS, which is often used for low density gases. Starting
from the 1930s, it was shown that the virial coefficients can directly be derived from
the intermolecular potential [124-126]. The second virial coefficient is related to the

molecular model by [57]
B= —wa <€xp (ﬁii{—’%]gi"fﬂ) L 1> r2dry, (4.1)
0 2 Wy Wy

where u;;(rs;, w;, w;) is the interaction energy between two molecules 7 and j, ¢f. Equa-
tion (3.1). kg denotes Boltzmann’s constant and the angle brackets indicate an average
over the orientations w; and w; of the two molecules separated by the center of mass

distance Tij-
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The second virial coefficient is calculated here by evaluating Mayer’s f-function, i.e. the
expression between the brackets, for about 350 radii up to 20 A, averaging over 1000°

random orientations at each radius. The random orientations are generated using a
modified MC scheme [29, 133]. A cut-off correction is applied for distances larger than
20 A for the L] sites using angle averaging as proposed by Lustig [116]. The electrostatic

interactions need no long-range correction as they vanish by angle averaging.

Figures 4.1 to 4.3 show the simulation results compared to correlations of experimen-
tal data taken from reference quality EOS [105] or the DIPPR database [165]. For
iso-butane, cyclohexane, sulfur dioxide, and dimethyl sulfide, the predictions from sim-
ulation agree well with experimental correlations. Only for temperatures near the triple
point, deviations of up to 20% are found. For dimethyl ether and thiophene, the sec-
ond virial coefficient is systematically overpredicted, despite a good description of the

experimental VLE properties.
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Figure 4.1: aec_ond virial coefficient. Predictions from present molecular models:
iso-butane, M formaldehyde, A dimethyl ether, ¥ dimethyl sulfide,

andfO thiophene. Correlations of experimental data [165]: — isobutane,
Chengdetyde, - - - dimethyl ether, - . - dimethyl sulfide, and -~ tio

The second virial coefficient of acetonitrile and nitrome
peratures of 500 K and below.
in the description of the inter

thane is underpredicted for tem-
cf. Figure 4.3. Like for the VLE properties, a deficiency
molecular potentials is observed here. On the other hand,

vapor densities ave very r .
e very low in this temperature range and the second virial coefficient
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Figure 4.3: Second virial coefficient. Predictions from present molecular models: @ hy-
drogen cyanide, B acetonitrile, A nitromethane, and Y.ethylene Gmd(?_
Correlations of experimental data [165]: — hydrogen cyanide, - - - acetoni-
trile, - - - nitromethane, and - - - ethylene oxide.
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only plays a minor role in applications.

For formaldehyde, simulation results substantially underpredict the DIPPR correlation.
However, this correlation is not based on experimental data, but on an empirical cor-
relation for ketones, aldehydes, alkyl nitriles, and ether [20]. It is assumed that the
prediction from molecular simulation gives more reliable results here. In case of hydro-
gen cyanide, only five true experimental data points for temperatures from 303 to 383 K
are reported in the DIPPR database. Simulation results underpredict the experimental
values by approximately 80 % in this range.

Finally, for ammonia, ethylene oxide, and R227ea, an excellent agreement is found
over the full temperature range. The simulation results for ammonia show a maximum
deviation of -4.3% at 300 K compared to experimental data taken from the DIPPR
correlation. Deviations for R227ea are lower than 4 % throughout, while the second virial
coefficient for ethylene oxide is slightly overpredicted for temperatures below 250 K. cf.
Figure 4.3.



4.2 Properties of Ammonia 65

4.2 Properties of Ammonia

Ammonia is a well-known chemical intermediate, mostly used in fertilizer industries;
another important application is its use as a refrigerant. Due to its simple symmetric
structure and its strong intermolecular interactions it is also of high academic interest
both experimentally and theoretically.

421 Structural Quantities

Due to its scientific and technical importance, experimental data on the microscopic
structure of liquid ammonia are available. Narten [139) and Ricci et al. [164] applied
X-ray and neutron diffraction, respectively. The results of Ricei et al. show a smoother
gradient and are available for all three types of atom-atom pair correlations, namely
nitrogen-nitrogen (N-N), nitrogen-hydrogen (N-H), and hydrogen-hydrogen (H-H), thus
they are used for comparison here. In Figure 4.4, these experimental radial distribution
functions for liquid ammonia at 273.15 K and 0.483 MPa are compared to present
predictive simulation data based on the new ammonia model presented in Section 3.5.1
[30].

It is found that these structural properties are in very good agreement. although no
adjustment is done in the parametrization process with respect to structural properties.
The atom-atom distance of the first three layers is predicted correctly. while only minor
overshootings in the first peak are found. Please note, that the first peak of experiment
in gy_y and gy show intramolecular pair correlations, which are not considered in the
employed molecular model.

In the experimental radial distribution function gn_g the hydrogen bonding of ammonia
can be seen at 2-2.5 A. Due to the simplified approximation by eccentric partial charges,
the molecular model is not capable to describe this effect completely. But even with
this simple model a small shoulder at 2.5 A is obtained.

4.2.2 Thermal and Caloric Quantities in the Homogeneous Fluid
Region

In many technical applications, thermodynamic properties in the homogeneous fluid

region are needed. Thus, the new molecular model for ammonia is tested on its predictive

capabilities in this region [30].

Thermal and caloric properties were predicted with the new model in the homogeneous
liquid, vapor and supercritical fluid region. In total, 70 state points are studied, covering
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alarge range with temperatures up to 700 K and pressures up to 700 MPa. In Figure 4.5,
relative deviations between simulation data and reference EOS [202] in terms of density
are shown. The deviations are typically below 3 %, with the exception of the extended
critical region, where a maximum deviation of 6.8 % was found.

Figure 4.6 presents relative deviations between simulation data and reference EOS (202]
for the enthalpy. In this case deviations are very low for low pressures and high tem-
peratures (below 1-2 %). Typical deviations in the other cases are below 5 %.

These results confirm the modeling procedure. B

titatively correct predictions in most of the t
obtained.

v adjustment to VLE data only, quan-
echnically important fluid region can be
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Figure 4.5: Relative deviations for the density of ammonia between simulation data
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4.3 Properties of Ethylene Oxide

Ethylene oxide (CzH4O) is a widely used intermediate in the chemical industry. In
2006, 18 million metric tons were produced mostly by direct oxidation of ethylene,
over 75 % of which were used for ethylene glycols production [26]. Despite its technical
and economical importance, experimental data on thermophysical properties of ethylene
oxide are rare, apart from basic properties at standard conditions [165]. This lack of data
is mainly due to the hazardous nature of ethylene oxide. It is highly flammable, reactive,
explosive at elevated temperatures, toxic, carcinogenic, and mutagenic. Therefore, it is
an excellent example to show that molecular modeling and simulation can serve as a
reliable route for obtaining thermophysical data in cases, where avoiding experiments is
highly desirable [206].

The model, as specified in Section 3.5.2, is used in the present work for calculating
other properties discussed in the subsequent sections [29]. The calculated properties are
selected according to the requirements of the fourth International Fluid Properties Sim-
ulation Challenge (IFPSC) [16], which had a focus on the transferability of molecular
models to different pure components properties of ethylene oxide. No further parameter
adjustments are made on the present ethylene oxide model and thus all results for prop-
erties except p,, o, and Ah, are fully predictive. All simulations are also performed
using the molecular model for ethylene oxide proposed by Wielopolski and Smith [230].
This was done to allow for an evaluation of the applied simulation methods and compar-
ison to other publications [29, 92, 109, 134] and to show the performance of malecular
models of different quality.

4.3.1 Phase Equilibria, Thermal and Caloric Properties

The saturated densities, vapor pressure, and enthalpy of vaporization included for com-
parison here, are taken from the model paramertrization in Section 3.5.2. In the following,
the specific routes for the calculation of the other properties are briefly introduced. The
simulation results are summarized in Table 4.2 together with the results on the basis of
the model by Wielopolski and Smith and experimental data. In cases, where no experi-
mental data is available, reference data is used, which was calculated ﬁsing best-practice
methods [152].

Critical Properties, Normal Boiling Temperature Critical temperature and pres-
sure are calculated by fitting the Guggenheim equations [114]

=t - L-TYP46 (@ - D)+ 6} - (L - TPE, (42)
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and

A=p—C- (T —T) +Cy- (T. - T)+Cf - (T. - Ty, (4.3)

to the VLE simulation results at eight temperatures between 235 and 445 K for the
present model, cf. Appendix B. For the model by Wielopolski and Smith [230], eight
temperatures between 235 and 430 K are considered, cf. Appendix B, as this model has
a lower critical temperature. Note that critical temperature 7, and critical density p.
are parameters of this fit and are thus extracted from the temperature dependence of
the saturated densities.

The normal boiling temperature was calculated indirectly. A vapor pressure equation

Cs  GCs
1 =Ci+— 3 4.4
1 op = T T T4 (4.4)
is fitted to the simulation data. From this equation, the normal boiling temperature is

calculated at p, = 101.325 kPa.

Heat capacity, isothermal compressibility The second derivatives of the Gibbs en-
ergy. namely isobaric heat capacity c, and isothermal compressibility SGr, can be cal-
culated from fluctuations in the NpT ensemble [3]. Fluctuations in the instantaneous
residual enthalpy h' = U/N +pV/N — kT are related directly to the residual isobaric
heat capacity

1

res __ res 2\ _ /pres)2 4.5
o = s (%)~ ) (4.5)

The potential energy U is the molecular interaction energy, cf. Equation (3.1). V is
the volume, N the particle number, and the angular brackets denote the NpT ensemble
average. To obtain the total isobaric heat capacity ¢, the ideal part c}f‘ =59.6 J/(mol K)
at 375 K has to be added, which is taken from [165].

An analogous equation holds for the isothermal compressibility, which is related to

volume fluctuations

! Ml e ) (4.6)
Br = o 4 = 1)

4.3.2 Transport Properties

Transport properties are calculated by equilibrium MD simulation and the Green-Kubo

formalism |58, 100]. In this formalism, transport coefficients are obtained by integrating
time-autocorrelation functions of the corresponding microscopic fluxes.

The shear viscosity 7 is calculated by integration of the time-autocorrelation function

of the off-diagonal elements of the stress tensor J;* |60, 185]
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1

1= vr fox (JE(t) - J(0)) dt - (4

The statistics of the ensemble average in Equation (4.7) are improved using all three
independent off-diagonal elements of the stress tensor J3¥, Jg*, and J§F. For a pure
fluid, the component J3¥ of the microscopic stress tensor J,, is given by [40]

N N-1 N 5 55 Bu,——
Fr=domil =3 3 2D gy, (48)

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

Here the upper indices z and y denote the vector component, €.g., for velocity ¢f or
center of mass distance 7%. S; and S; are the number of interaction sites on particle
and j, respectively, cf. Equation 3.1.
The thermal conductivity A is calculated by integration of the time-autocorrelation
function of the elements of the microscopic heat flow J7 and is given by |60, 185]
1 o0
P an (JE(t) - JE(0)) dt . (49)

The expression for the heat flow J, in pure fluids is given by [40]

N N
1
doi= 3 ; ((mv,2 + w;Liw; +Zuij) -v,)

J#i

N=T N A B 3
= Z Z Z Tij - (V,‘ a:;”b + W,—Fq) , (4.10)
1 174G

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

where w; is the angular velocity vector of molecule 7, I, its matrix of angular momentum
of inertia. The torque I';; refers to a reference frame with origin in the melecular center
of mass. As for shear viscosity, all three independent heat flow directions JE, J¥, and
J; are used to improve the statistics of Equation (4.9).

While the shear viscosity and diffusion coefficients are not appreciably affected by the
internal degrees of freedom, there is a considerable contribution to the thermal con-
ductivity in the gaseous state [68]. The heat flux on the molecular level splits up in
fme part due to intermolecular interactions and one due to the energy carried by the
internal degrees of freedom of single molecules. As intermolecular interactions bel:OHlB
weaker with decreasing density, the latter part plays a more significant role. From the

Chapman-Enskog kinetic theory of gases and early work of Eucken [39], the so-called
Eucken correction is derived |63] .

de 3
A= My &
Ao (ISkB + 5) ; (4.11)

where A\ is the thermal conductivity from kinetic gas theory for molecules without
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internal degrees of freedom and ¢, denotes the isochoric heat capacity.

Equation (4.11) is used here to correct the thermal conductivity in the vapor, where
the simulation results from the rigid molecular model are ). The isochoric heat capac-
ity is calculated from fluctnations in NVT ensemble simulations, analogously to those
described in Section 4.3.1. At the simulated state points, correction factors of 2.50
(present model) and 2.36 (model of Wielopolski and Smith [230]) are obtained at 375 K.
For the thermal conductivity in the saturated liquid no correction is applied, as the
thermal conductivity is dominated by the intermolecular interactions at high densities.
Assuming that the energy transport due to the internal degrees of freedom is tempera-
ture dependent only, the correction in the liguid should be in the range of A — g from
the vapor phase. As this correction is within the statistical uncertainty of the liquid
simulation, it is neglected here.

4.3.3 Surface Tension

To calculate the surface tension, the VLE is directly simulated in an inhomogeneous
system that exhibits two planar interfaces. MD runs are performed in an elongated
cuboid shaped volume with periodic boundary conditions in all directions. The volume
has a length of [ in = and y direction and a length of 5/ in z direction. It containes
a vapor and a liquid phase forming two interfaces in the z,y-plane of the simulation
volume. The liqguid phase is chosen to have a thickness of approximately ([ so that
the vapor phase has a thickness of 4/, From this arrangement follows that two planar
vapor-liquid interfaces with an area of A = [* are simulated.
Table 4.1 presents the saturated densities from both molecular models for different cut-
off radii according to Appendix A.2, together with the respective data from homogeneous
VLE simulations, c¢f. Table 4.2. With increasing cut-off radius, the bubble density
monotonously increases, whereas the dew density and interfacial thickness monotonously
decrease practically throughout. For the largest employed cut-off radius 7, = 25 A, the
saturated densities were sampled satisfactorily with deviations lower than -0.8 % for the
liquid and +3 % for the vapor. The interfacial thickness is obtained to be approximately
12 A as predicted by the present model, whereas the model of Wielopolski and Smith
1230] yields a result that is ronghly 10 % higher.
During these runs, the surface tension = is caleulated via the virial route [166]

{ A Wl -H TijTijab — O%ij%ijab %> ; (4.12)

T 24 <§ J'-:Zi-;l ; b=1 i i r<re

Note that expression (4.12) holds for the explicitly evaluated intermolecular interactions,

including LJ and electrostatic.
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Table 4.1: Saturated densities, interfacial thickness and surface tension of ethylene
oxide at 375 K from planar interface VLE simulations for different cut-
off radii. Numbers in bold characters indicate saturated densities from
homogeneous VLE simulations, cf. Table 4.2

P o Pu D Y

A | mol/l  mol/l A N/m
present model

12| 15.62 0.959 14.793 0.0058
14| 16.16 0.775 13.236 0.0075
16 | 16.41 0.677 12.650 0.0080
18 | 16.56 0.615 12.446 0.0090
20 | 16.656 0.609 12.453 0.0093
25| 16.75 0.566 11.983 0.0096
— | 16.86 0.554 — =
model of Wielopolski and Smith [230]
12 | 14.556 1.298 16.736 0.0034
14 | 1516 1.027 15.015 0.0053
16 | 1542 0.886 14.124 0.0058
18 1 15.59 (.855 13.746 0.0065
20 | 15.70 0.800 13.550 0.0065
25| 15.80 0.756 13.333 0.0069

—  15.93 0.734 s —

Table 4.1 compiles the surface tension results for the two simulation series. It can be
seen that v increases with r, which is in agreement with other work [113, 127]. On the
basis of these results, the surface tension is extrapolated to 7. — oo by an inverse cubic
function of the cut-off radius. This type of extrapolation is used as it scales the densities
well with bulk densities obtained by VLE simulations for both models.

4.3.4 Comparison to Experimental Data

Results on the VLE properties of ethylene oxide from the present model as well as
from the model of Wielopolski and Smith [230] were already discussed in Section 3.5.2.
With the new ethylene oxide model, a much better description of the VLE behaviour
is reached. In this section, the results obtained for both molecular models, given in
Table 4.2, are discussed. The reference data in Table 4.2 are experimental data, where
available, or calculated by phenomenological correlations |152].

Saturated densities, vapor pressure, and enthalpy of vaporization of ethylene oxide at
37.5 ¥x are all described by the present model with deviations below 1% and therefore
within the experimental error given in [165]. The model of Wielopolski and Smith
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underpredicts saturated liquid density and enthalpy of vaporization by 5.8% and 12 %,
respectively, while vapor pressure and saturated vapor density are overpredicted by more
than 30 %.

Critical properties, obtained from Equations (4.2) and (4.3), are in excellent agreement
with experimental data, being within 1.3 %, for both models. The normal boiling tem-
perature, calculated by Equation (4.4), deviates by less than 0.5% from experimental
data for the present model, while the model of Wielopolski and Smith shows larger
deviations of about -5.3 %.

The second virial coefficient is calculated by direct evaluation of the intermolecular
potential. Both models underpredict the experimental value at 375 K: the present
model has a deviation of 3.4 %, while the model of Wielopolski and Smith has 25 %, cf.
Table 4.2.

Experimental data on isobaric heat capacity and isothermal compressibility for the sat-
urated fluid states at 375 K are not available in the literature. Instead, reference values
published by Olson and Wilson [152] are used for comparison here. Isobaric heat ca-
pacities are overpredicted by both models. In the saturated liquid, the present model
deviates by 13% and the model of Wielopolski and Smith by 9.6 %. In the saturated
vapor, they deviate by 18% and 13 %, respectively. Reference values for isothermal
compressibility were obtained from the Brelvi-O’Connell correlation [11, 152] for the
saturated liquid and from the virial equation for the saturated vapor. Simulations for
the present model yield a 29 % higher result for the liquid state and a 5.6 % higher result
for the vapor state. The results from the model of Wielopolski and Smith deviate by
51% and -19% for the liquid and vapor, respectively.

Experimental surface tension data are available between 200 and 296 K and may be
extrapolated to higher temperatures using a correlation taken from [165]. The results

from the present model give deviations of -17 %, the model of Wielopaolski and Smith
vields -39 %.

Experimental transport properties for ethylene oxide are scarce. In fact, for shear vis-
cosity and thermal conductivity at 375 K they are only available in the saturated vapor
state. Here, the results from the present model agree with the experimental values within
their statistical uncertainty, while the model of Wielopolski and Smith underpredicts
the shear viscosity by approxim ately 33 % and overpredicts the thermal conductivity by
20 %. Olson and Wilson [152] give reference values for shear viscosity in the satur:dt.e;i
liquid state from an extrapolation of experimental data from 223 to 282 K and for ther-
mal conductivity from the Missenard method [130]. Simulation results obtained with
the present model agree with the reference values within their statistical uncertainties
and the uncertainties of the reference values proposed by [152]. Results from the model
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of Wielopolski and Smith underpredict the liquid shear viscosity by 27 %, but agree for
the liquid thermal conductivity with the reference valuye.

The example ethylene oxide shows that molecular modeling and simulation is capable
to consistently reproduce and predict various thermophysical properties with a single
model. The sound physical basis of the method provides confidence in the results.
E.g., while the deviation from the reference value for the isothermal compressibility in
the saturated vapor state is within the assumed uncertainty of 9.2%, the one in the
saturated liquid state is significantly above the assumed uncertainty of 23.1 %. This is
astonishing as the densities predicted by the present model along the bubble line are in
good agreement with experimental ethylene oxide data. An additional check, evaluating
simulation runs at different pressures for 375 K, vields a value within the statistical
uncertainty of the previous simulation result. On the other side, the Brelvi-O’Connell
correlation is known to give systematic deviations to too low compressibilities for polar
substances similar to ethylene oxide, like sulfur dioxide or acetone [11]. Therefore, it
may be stated that molecular modeling and simulation yields more reliable results here

than the standard phenomenological method does.

With the presented results, we participated in the fourth Industrial Fluid Properties
Simulation Challenge. The Simulation Challenge is an international contest organized
by IFPSC, an international collaboration between chemical industry, academia, and
national labs (coordinated by the National Institute of Standards and Technology) [1],
to compare different simulative methods and to make their capabilities public. On
the AIChE Annual Meeting 2007 in Salt Lake City, UT, U.S.A., this contribution was
announced Champion of the Simulation Challenge 2007 [186].

4.4 Properties of the Binary Mixture R227ea +
Ethanol

Most technical processes in chemical engineering are dealing with fluid mixtures. Thus,
thermophysical properties of those mixtures are needed for process development and
optimization. Molecular modeling and simulation provides a straightforward route to
describe mixtures on the basis of pure substance molecular models. In this section, one

example is given that shows the basic theory and predictive power of the molecular

approach.

For this task, the vapor pressure prediction for the binary mixture ],1,1,2-,3,3,3-
heptafiuoropropane (R227ea) -+ ethanol at 343.13 K is selected [27]. The.ﬂuorm'ated
propane R227ea has one remaining hydrogen atom, which acts electrostatically h}{e. a
positive partial charge due to the strong electronegativity of the fluorine atoms. While
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R227ea does not exhibit hydrogen bonding with itself, it is a good donor in vicinity of a
hydrogen bond acceptor like ethanol. Thus, the binary mixture R227ea + ethanol has a
type of interaction, which is not present in the two pure substances alone. This problem
was also selected by the TFPSC for their third Simulation Challenge in 2006 [15].

Reliable VLE data is easily accessible for both pure components [165]. However, for
the binary mixture, only experimental bubble line data at the two isotherms 283.15 and
353.15 K are publicly available. These data were used for comparison in the following.

In the present work, both molecular modeling and simulation as well as the phenomeno-
logical Peng-Robinson equation of state (PR-EOS) [179] are employed to tackle this
problem. The molecular model for R227ea as presented in Section 3.5.3 is used here,
while for ethanol, the molecular model of Schnabel et al. [174] is taken.

The ethanol model of Schnabel et al. consists of three LJ sites plus three point charges.
Compared to experimental data, vapor pressure, saturated liquid density and heat of
vaporization, the ethanol model yield mean unsigned errors of 3.7, 0.3, and 0.9%, re-
spectively, in the temperature range 270 to 490 K, which is about 55 to 95% of the
critical temperature. Critical values of temperature, density and pressure also agree well
with experimental data (numbers in parentheses): T, = 514.12 (516.25) K, p, = 5.4
(5.99) mol/1 and p. = 5.89 (6.38) MPa. Further details are given in [174].

4.4.1 Mixture Model

On the basis of existing pairwise additive pure Auid models, molecular modeling of
mixtures reduces to modeling the interactions between unlike molecules. The unlike
interactions can be divided in two groups here. The electrostatic interactions between
point charges, dipoles, and quadrupoles represent the first group. They can be treated
in a physically straightforward way, simply using the laws of electrostatics [57], which
is done here.

The second group of interaction are repulsion and dispersive attraction. Since these
interactions were modelled on the basis of L] potentials, the knowledge of the unlike LJ
parameters ogg and egg is required. Unfortunately, there is no reliable framework for
their determination [175]. However, the broadly used Lorentz-Berthelot combining rule
[6, 112] usually provides a good starting point

ORE = (O'R <+ O’E) /2 3 (413)

and

SRE = V/EREE . (4.14)
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Here a simplified notation is used, summarizing the different LJ parameters of R227ea
under og and g as well as the different L] parameters of ethanol under op and cg.
Applying ogrg and egp as given by Equations (4.13) and (4.14) allows the prediction
of mixture properties from pure fluid data alone. In many cases, these predictions are
already in good agreement with experimental data [174, 175, 186, 189, 220]. But as
shown there, a further improvement can generally be achieved by adjusting the unlike
energy parameter to the experimental vapor pressure of the mixture.

This adjustment is skipped here, as the Lorentz-Berthelot based mixture model matches
with the experimental data for 283.15 K within the (large) error bars. These high
statistical uncertainties are mainly due to the calculation of the chemical potentials in
the “cold”, thus dense, liquid phase by Widom’s insertion method, cf. Section 2.3.1.
Subsequently, the molecular model is used to predict the vapor pressure of the binary
mixture at 353.15 K.

4.4.2 Results and Discussion

Figure 4.7 compares the simulation results at 283.17 K with the experimental bubble line
data provided by Gordon et al. [56]. Considering the somewhat too low vapor pressure
of the R227ea pure substance model (8.2 %) at this temperature, it can be seen that the
slope of the mixture bubble line is reasonably followed. Furthermore, at the equimolar
liquid composition, simulation and experiment agree within the statistical uncertainty
of 10.6% in pressure. Therefore, it was concluded that no adjustment of the unlike LJ
parameters is needed.

The PR-EOS together with the Van der Waals one-fluid mixing rule [179] is also applied
to the present mixture, cf. Figure 4.7. It turns out that it is not possible to describe the
experimental data with that phenomenological model. Fitting the binary interaction
parameter at low R227ea molar fractions (k; = —0.08) yields a good description up
t0 about Tpzaves = 0.1 mol/mol. At higher molar fractions the PR-EQS with this &;
gives substantially too low vapor pressures. Increasing ky; to —0.03 vields higher vapor
pressures, but also a qualitatively wrong shape of the bubble line.

The molecular model is used to predict the vapor pressure at 343.15 K throughout
the full composition range. This prediction was part of the third International Fluid

Properties Simulation Challenge in 2006 [15]. Figure 4.8 presents the VLE data and

compares it to experimental bubble line data |56], which were published after closure

of the Simulation Challenge. It can be seen that the simulation results match with the

experimental data within their statistical uncertainties with exception of the result at

5 o i T Taiy
Tosres = 0.274 mol /mol, which also has a very large statistical uncertainty. The latter

again reflects the problems in determining the chemical potentials in the liquid phase
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Figure 4.7: VLE of R227ea + ethanol at 283.17 K: ® present simulation data, + ex-
perimental bubble line data [56], — and — — Peng-Robinson EOS with
kij = —0.03 and —0.08, respectively.
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Figure 4.8: VLE of R227ea + ethanol at 343.13 K: @ present simulation data, + ex-

perimental bubble line data {56}, — and - — Peng-Robinson EOS with
kij = —0.03 and —0.08, respectively.
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by Widom’s method.

With the presented results at 343.15 K, this contribution was the second entry at the
Simulation Challenge 2006 |15, 27].

The PR-EOS adjusted at low R227ea mole fractions at 283.17 K (ki = —0.08) vields
too low vapor pressures at 353.15 K throughout, ¢f. Figure 4.8. On the other hand,
adjusting the PR-EOS to simulation data at low R227ea mole fractions at 343.13 K
(kij = —0.03) yields a qualitatively wrong shape of the bubble line, which was also seen
at the low temperature, cf. Figure 4.7.

The prediction of the VLE of the binary mixture R227ea + ethanol is done here without
any adjustment to mixture data. Thus, it may be stated that molecular modeling and
simulation represents even complex systems inherently correct due to its sound physical
basis. In this example, the molecular approach is advantageous compared to the PR-
EOS, which fails even in the descriptive mode.

4.5 Properties of Humid Air

Knowledge on thermodynamic data of compressed humid air and other compressed
humid gases are crucial for the design and optimization of many technical processes,
eg., humid gas turbine, compressed air energy storage, or carbon dioxide separation
and sequestration. However, only little experimental data is available [64]. Of special
interest is the dew point of compressed humid air, where significant deviations from ideal
gas properties are reported in the literature (75, 76, 95, 159, 222, 231]. In the present
section, molecular modeling and simulation is applied for predictions of thermodynamic
properties of humid air [28].

For technical applications, the dew point of humid air is generally defined by the “partial
pressure” of water pw = aw - p in the compressed gas at saturation, where zw is the
water mole fraction and p the total pressure. Note that this is only a formal definition
of the property pw. The partial pressure in a strictly physical sense is only defined for
ideal gases.

The saturated water mole fraction at the dew point of humid air increases at constant
temperature progressively with total pressure p due to an increasing influence o'f tl‘xe
intermolecular interactions in the gas phase and due to the compression of the liquid
phase. This effect can be described by the vapor pressure enhancement factor fw

fw(T.p) = %" ; (4.15)
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which is the ratio of the partial pressure of water pw to the vapor pressure of pure
water pY at the same temperature 7. The vapor pressure enhancement factor fy is
usually measured via the mole fraction xw of water in the saturated gas phase either by
gas-chromatography or gravimetrically after expansion. Data for fw is very sensitive to
experimental errors and uncertainties in the determination of the mole fraction. Thus,
fw data from gas-chromatography is often inconsistent. The gravimetric method is

more suitable but very elaborate [225].

The dew point of compressed humid gases can also be described by the vapor concen-
tration enhancement factor gw [95, 231]

ow(T.p) = =, (4.16)
Cw

which is the ratio of the water concentration cw = zw - p in the saturated humid gas
to the saturated vapor density of pure water ¢ at the same temperature 7. The water
concentration cw can directly be measured by spectrometry. This was recently done by
Koglbauer and Wendland (95, 96], who developed a new method to measure gy by FTIR
spectrometry. This method yields consistent data over a wide range of temperature and
pressure. Data on gw of compressed humid air [95], nitrogen, argon, and carbon dioxide
[96] agree qualitatively well with literature data on fi as far as available. However,
a quantitative comparison relies on gas densities that are needed for the conversion
between both enhancement factors. They are related by |95, 231]

Z
gw = fw—" (417)

where Z and ZJ, are the compressibility factors of the saturated humid gas and pure
water vapor, respectively.

A comparison of the experimental gw data for humid air by Koglbauer and Wendland
with gw values by Wiley and Fisher [231], calculated by a virial EOS model that was
fitted to experimental fw data, shows some deviations at elevated pressures, which will
be discussed subsequently. Also recent humid air density data deviates from virial EOS

models [64, 94]. The suitability of the virial EOS for the dew point of highly compressed

humid gases has been contested elsewhere [225] and the application of empirical multi-

parameter EOS was suggested. But these need a large and reliable data base for their
development, which is not available yet.

It can be concluded that it is important to gain insight into the behavior of compressed

humid air and to determine additional thermodynamic data from an independent source

: n with experimental results and for the
elopment of new models. Molecular simulation may simultaneously vield consistent

such as the molecular simulation for compariso:
dev
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data on fiw, gw, saturated gas density, etc.

The present work on humid air is organized in two parts. Firstly, a molecular model
for dry air, proposed in an earlier work [216, 220}, is assessed regarding thermal and
caloric properties, i.e. density and internal energy, for temperatures up to 1000 °C and
pressures up to 200 MPa. The simulation results are compared to two reference EOS
recommended by the National Institute of Standards and Technology.

In the second part, the dry air model is combined with two different water models for
the simulation of humid air. In addition to predictions of the density, dew point data
of humid air are presented, which are calculated by simulation using a new pseudo-
ensemble. The simulation data is compared to experimental data and a conclusion is
drawn.

4.5.1 Dry Air Simulations

For the leading three dry air components nitrogen, oxygen, and argon, molecular models
from previous work [219] are used. These models are based on the two center LJ plus
symmetric point guadrupole (2CLJQ) class and have successfully been applied for the
prediction of numerous binary and ternary VLE [71, 188, 213, 214, 220], the Joule-
Thomson inversion curve of pure substances, natural gas mixtures, and air [216, 218] as
well as transport properties [43, 44].

The parameters of the unlike LJ interactions are determined by the modified Lorentz-
Berthelot rule as described in Section 3.1. The three binary interaction parameters for
the dry air model are taken from prior work [219] on the VLE of the binary subsystems.
No further optimizations are made in the present work, thus all mixture data presented
here are strictly predictive.

To predict the VLE in the ternary mixture nitrogen -- oxygen + argon, the Grand
Equilibrium method is applied, ¢f. Section 2.4. Technical details are given in the
Appendix A. Figure 4.9 shows the VLE simulation results in comparison to experimental
data [137] and the results of the recent GERG-2004 EOS [103]. The simulation refsults
are in excellent agreement with experimental data. The GERG-2004 EOS deviates
by about 3 to 4 mole-% from the experimental and simulation data sets on both the
bubble and dew line towards the nitrogen-rich region, which is somewhat more than the
estimated uncertainty stated in [103].

The term dry air is used in the following for that ternary mixture at the cort:pOSition
Zx; = 0.781438 mol/mol, zoz = 0.209540 mol/mol, and Ta, = 0.009022 mol;'moll {94,
95]. Figures 4.10 to 4.13 show simulation results for the densft}' p and the Tesrdual
internal energy u'® = u(T,p) — w(T.p ~ ) for dry air along isotherms and isobars,
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Figure 4.9: VLE of the ternary mixture nitrogen -+ oxygen + argon at 120 K and
1.995 MPa. Present simulation data (®) are compared to experimental
data (+) [137] and the GERG-2004 EOS (—) [103]. The numbers with

the simulation results give the predicted vapor pressure in MPa with the
simulation uncertainty in the last digit in parentheses.

respectively. Covering state points over a wide range, reaching up to 1000 °C and
200 MPa, the simulation results are compared to two EOS of reference quality, i.e. the
GERG-2004 EOS [103] and the EOS by Lemmon et al. [106].

An excellent agreement between simulation and both EOS is found. Deviations to the
GERG-2004 EOS are below 1.2 % for the density and below 6 % for the residual internal
energy in all cases. The largest deviations for the residual internal energy are found at

1000 °C, where the two considered EOS deviate by up to 10 % from each other. Present

simulation results lie in between, however, they rather follow the trend of the EOS by
Lemmon et al. [106], which was specifically developed for dry air.



4.5 Properties of Humid Air
83

p/mol |

y 2oy ) oy

T

200 400 600 800 1000 1200
T/K

Figure 4.10: Density of dry air (top) and relative deviation to the GERG-2004 EOS
[103] (bottom) along isobars. Present simulation data: ® 2 MPa,
A 10 MPa, and W 20 MPa. — GERG-2004 EOS, — - EOS by Lemmon

et al. |106].
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Figure 4.11: Deusity of dry air (top) and relative deviation to the GERG-2004 EOS
[103] (bottom) along isotherms. Present simulation data: ® 203 K,

A 353 K, and ® 473 K. — GERG-2004 EOS, — - EOS by Lemmon
et al. [106]. 3
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Figure 4.12: Residual internal energy of dry air (top) and relative deviation to the
GERG-2004 EOS [103] (bottom) along isobars. Present simulation data:
® 2 MPa, 4 16 MPa, and B 20 MPa. — GERG-2004 EOS, - - EOS by
Lemmon et al. [106].
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Figure 4.13: Residual internal energy of dry air (top) and relative deviation to the
GERG-2004 EOS [103] (bottom) along isotherms. Present simulation

data: ® 293 K, 4 353 K, and ® 473 K. — GERG-2004 EOS, — — equation
of state by Lemmon et al. [106].



45 Properties of Humid Air 87

45.2 Humid Air Simulations
45.2.1 Mollier Ensemble

A pseudo-ensemble is proposed for the direct determination of the dew point of com-
pressed humid air by molecular simulation. This approach, named Mollier ensemble
here, combines features from the well-known isobaric-isothermal (NpT) and grand-
canonical (4V'T') ensembles [50]. During simulation, the saturated gas phase is sampled
at the specified temperature T and constant pressure p [50]. Also specifying the number
of dry air molecules, i.e. keeping the number of nitrogen, oxygen, and argon constant,
the water content is varied to achieve chemical equilibrium with the aqueous liquid
phase. The Mollier ensemble is similar to the “osmotic” pseudo-ensemble proposed by
Escobedo [37], which is based on earlier work of Mehta and Kofke [129].

The fluid phase coexistence of the mixture water + air around ambient conditions is
a typical example for gas solubility. The Henry’s law constants of the three gaseous
components in pure water at 80 °C are: Hy, =~ 10.5 GPa, Hgy = 5.5 GPa, and Ha, ~
5GPa [221]. Thus, the aqueous liquid phase contains only a small quantity of the gaseous
components, the total mole fraction T2 + Zo2 + T is in the order of 1073 mol/mol at
80 °C and 25 MPa. Therefore, the chemical potential of liquid water is hardly affected
by the presence of the air components. Note that for high temperatures, closer to the

critical point of water, this assumption is not valid.

For saturated states the phase equilibrium conditions apply, i.e. temperature, pressure,
and chemical potential of all components are equal in the coexisting phases, cf. Equa-
tion 2.12, These conditions are exploited to construct the Mollier ensemble which allows

t0 determine the dew point of humid air for a specified pair of T and p.

On the basis of the discussion above, it is assumed that the chemical potential of water
pw in the liquid is not significantly influenced by the presence of a small fraction of
dry air molecules. Then, the chemical potential of liquid water can be calculated by
a pure substance NpT simulation at 7" and p in a first step. For liquid water around
ambient conditions, sophisticated simulation methods, cf. Section 2.3.2, are needed to
obtain entropic properties with reasonable statistical uncertainties. In the second step, a
humid air dew point simulation with a specified number of air molecules Nyz+Noz+Nar
is performed, where T, p, and pw(T.p) are also specified. Of course, in that pseudo-
ensemble, the number of water molecules Ny and the volume of the vapor phase V' must
be allowed to fluctuate. Here, a MC scheme is employed for that.

The chemical potential of water py, taken from the pure liquid water run, is specified
through insertion and deletion of water molecules during simulation of the vapor phase
like in the standard uV T ensemble. The probability of insertions and deletions is then
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determined by comparison between the resulting potential energy change and the desired
residual chemical potential fw. Note that fw is defined by subtracting the solely
temperature dependent ideal contribution p'4(T") from the total chemical potential, but
includes the density dependent ideal contribution kgT In p. The acceptance probability

P, for a water molecule insertion writes as [50]

g s { fiw + [U(N) = UQN + 1w)] })
Nw+1 = ksgT i

Pooo(Nw — Nw + 1w) = min (1,

(4.18)

where U(N) and U(N +1w) denote the configurational energy of the system with a total

number of N molecules and N plus one water molecule, respectively. The acceptance
probability for the deletion of a water molecule writes accordingly [50]

s P TEINN — TN — -
Poeo( Ny — Ny — 1lw) = min (1, Nw -exp{ B+ L) — IR W22l

v kgT

(4.19)
Additionally, the pressure is controlled by sampling the volume like in the standard NpT
ensemble. The probability of a volume displacement is then determined by comparison
between the resulting potential energy change and the product of specified pressure and
volume displacement. The acceptance probability for a volume displacement AV is
given by [50]

B (AW —min (1: (‘_’LA_V)N - {PAV + UV + AV) — U(V)] }) - (420)

v kgT

Experience shows that a Mollier ensemble simulation moves rapidly into the vicinity of
the dew point. This process occurs well within the equilibration period. During the

production period, volume and mole fraction of water fluctuate around the dew point
average.

An additional facilitating approximation can be used according to the Grand Equilib-

rium method, cf. Section 2.4, The pressure dependence of the chemical potential for
water is

pow (T p) = (T 7 ((Opw g
wlT.p) = pw(T.py) + 5 dp=.uw(T_.pu)+f vwdp | (4.21)
bo 2 e o }

where p; is some reference pressure, say the vapor pressure of pure water, and vw denotes

the volume of water. The integral can be approximated by a Taylor expansion around
the reference pressure by [114]

#w (T, p) = pw (T, po) + vw.o(p — Po) — %}37'.() “twolp — po)? + ..., (4.22)
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where vy, is the volume and 31 the isothermal compressibility, respectively, of liquid
water at the reference pressure py. These two properties are easily accessible in the N pT

ensemble. The volume is simply
<V >
v=—, (4.23)

where the angular brackets denote the ensemble average. The isothermal compressibility

may also conveniently be obtained in the NpT ensemble from volume fluctuations

Lo &
kT <V >

Br = e Pa—u¥af] . (4.24)
However, in prior work it was seen that a first order expansion is usually sufficient for
moderate pressure extrapolations when the temperature is far below its critical value of
the regarded component [217]. As a consequence, the simulation results of a single pure
liquid water run can be used for dew point simulations at any given pressure p as long

as the approximation above holds.

The Mollier ensemble is derived for humid air here, but may also be used for the deter-
mination of the dew point in similar systems, e.g. humid carbon dioxide. However, the

application is limited to humid air systems in the present work.

4.5.2.2 Molecular Models for Water

For water, two different molecular models are regarded here. Firstly, the TIP4P model
of Jorgensen et al. [85] is used. It consists of four interaction sites, one L site located at
the oxygen nucleus and three eccentric partial charges to account for hydrogen bonding
and the electrostatic interactions. All sites are situated in a plane, cf. Figure 4.14.
The TIP4P model was parametrized to reproduce the VLE of pure water, the model
parameters are listed in Table 4.3.

Figure 4.14: Molecular model for water. The LJ site Is placed at 't}:.ne oxygen nucleus.
The partial charges are denoted by bullets. The posm\‘re ch-arges are lo-
cated at the hydrogen nuclei, while the negative charge is shifted towards

the hydrogen nuclei.
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Table 4.3: Parameters of the molecular models for water, cf. Figure 4.14.

Model TOH o ) o c/kgp q

A = A A K e
TIP4P [85] 0.9572 104.52 0.15000 3.15365 78020 0.52000
Schnabel [171] 0.9670 104.52 0.15004 3.31500 95.646 0.52748

Despite its optimization to VLE data, the TIP4P model shows significant deviations
from experimental data in vapor pressure and saturated vapor density. Thus, the water
model was reparametrized by Schnabel [171], while keeping the original number of in-
teraction sites. The optimized parameters of the water model of Schnabel are listed in
Table 4.3. Simulation results obtained with this water model yield mean unsigned errors
compared to experimental VLE data of 20.7, 2.9, and 8.3 % for vapor pressure, saturated
liquid density, and enthalpy of vaporization, respectively, while the TIP4P model vields
42.4, 8.9, and 14.6 % [111, 171]. Graphical and numerical simulation results are given
in [171].

4.5.2.3 Homogeneous Humid Air Simulations

Klingenberg and Ulbig [94] recently published experimental data on the density of humid
air at different state points and different water contents. In the present work, the
dry air model is combined with each of the two discussed molecular models for water
to predict the density of humid air and compare it to the results from [94]. For the
unlike LJ parameters, the standard Lorentz-Berthelot mixing rule is applied, i.e. no
additional binary interaction parameters were introduced and £ is set to unity for all
unlike interactions with water, cf. Equations (3.2) and (3.4). Thus, present humid air
simulations are fully predictive.

Table 4.4 lists the simulation results in comparison with the experimental data taken
from [94]. A very good agreement is reached, yielding deviations below 2.5% for both
utilized water models. There is only a very moderate influence of the chosen water model
on the quality of the results. Note that the deviations of the experimental density data
from the present simulations are very similar to their deviations from EOS modeis [64].

4.5.2.4 Dew Point Calculations

The (-iew point of humid air is calculated using the Mollier ensemble for two isotherms
and six pressure levels. The same two quaternary

molecular models, differing only in the
water model, are used as for the homogeneous h

umid air simulations. For comparison
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Table 4.4: Density of humid air predicted by molecular simulation compared to exper~
imental data [94].

T P Tw { Pexp Psim O Psim Aﬁf’ﬂexp Jpsim/ Pexp

K MPa  mol/mol | mol/1 mol/l mol/l % %
TIP4P water model |85]
424109 10.87677 0.0420 | 3.0201 2.980 0.006 -1.34 0.21
524.328 13.68388 0.0420 | 3.0035 2.965 0.008 -1.27 0.27
498399 8.89246 0.0446 1 21244 2.074 0.009 -2.39 0.43
498.405 4.38840 0.0445 : 1.0636 1.042 0.002 -2.04 0.20
423295 13.74665 0.0126 | 3.7270 3.697 0.008 -0.81 0.23
515557 17.04534 0.0126 | 3.7078 3.702 0.009 -0.16 0.24
water model of Schnabel [171]
424109 10.87677 0.0420 | 3.0201 2.974 0.011 -1.52 0.37
524.328 13.68388 0.0420 | 3.0035 2.970 0.008 <342 0.27
408.399 8.89246 0.0446 | 2.1244 2.073 0.006 -2.41 0.27
408.405 4.38840 0.0445 ‘ 1.0636 1.041 0.003 -2.14 0.29
423.295 13.74665 0.0126 l 3.7270 3.701 0.010 -0.70 0.26
515.557 17.04534 0.0126 | 3.7078 3.694 0.008 -0.38 0.22

with experimental data, the pressure enhancement factor fw and the concentration
enhancement factor gw are determined, cf. Equations (4.15) and (4.16).

The equilibrium properties of pure water at the given temperature, i.e. vapor pressure
Py and saturated vapor concentration ¢} being identical to the saturated vapor density
fi:, are determined in additional VLE simulations for pure water. This is done for both
employed water models and the results are given in Table 4.5. Simulation details are
briefly discussed in Appendix A.

Table 4.5: Vapor pressure and saturated vapor density of the utilized water models.

r Py P

K MPa mol/1
TIP4P water model [85]
333.15 | 0.045(3) 0.0169(9)
353.15 | 0.100(3)  0.0355(9)
water model of Schnabel [171]
333.15 | 0.015(1)  0.0053(4)
353.15 | 0.042(2) 0.0146(7)

; ATh ; ; 1
From the Mollier ensemble simulations, the molar fraction of water zw and the molar

density at the dew point p are determined. The partial pressure of water pw = Twp and
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the vapor concentration cw = Tw * 0 can easily be calculated from these. Figures 415
and 4.16 show the results for the vapor pressure and vapor concentration enhancement
factors, respectively, in comparison to literature data taken from Wiley and Fisher [231]
as well as Koglbauer and Wendland [95] and results from the GERG-2004 EOS [108].
Wiley and Fisher provide experimental data on fy taken by a gravimetric method and
Koglbauer and Wendland provide experimental data on gw taken by FTIR spectrometry.
Wiley and Fisher also give results for gw predicted with a virial EOS model, which they
used to correlate their fw data and that does not compare well to the experimental data
by Koglbauer and Wendland below 80 °C (see [95]).

Al al i

p/ MPa

Figure 4.15: ‘v;'apor pressure enhancement factor fy, cf. Equation (4.15). Present
?égzulatlon data obtained with different water models: ® TIP4P model
L | a_nd B model .of Schnabel [171]. — correlation of experimental data
rom Wylie and Fisher [231], - — GERG-2004 EOS [103]

For bo ¢ 51 ati
th water models, the simulation data for vapor pressure enhancement factor and

vaj . . -
lpor concentration enhancement factor is in agreement with the other two data sets

almost t e ; e -
t throughout within their statistical uncertainties. However, the results with the
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Figure 4.16: Vapor concentration enhancement factor gw, ¢f. Equation (4.16).
Present simulation data obtained with different water models: @ TIP4P
model [85] and M model of Schnabel [171]. © experimental data from
Koglbauer and Wendland [95], — correlation of experimental data from
Wylie and Fisher [231], - - GERG-2004 EOS [103].

water model of Schnabel [171] yield a somewhat better agreement. In case of fyy, cf.
Figure 4.15, both water models are above the correlation of Wylie and Fishers data
[231]. At 60 °C, the water model of Schnabel represents experimental data within the
statistical uncertainty and the TIP4P model yields too high results, while at 80 °C both
water models overestimate fiy for pressures above 10 MPa, cf. Figure 4.15.

Regarding the vapor concentration enhancement factor gw, experimental data of

Koglbauer et al. |95] and the model of Wylie and Fisher [231] deviate for 60 °C. Mole-
in between these data sets and agree with both
°Q, the data sets from the two sources agree
what higher values. The re-

cular simulation yields results that are
within their statistical uncertainty. At 80
quite well with each other, while simulation predicts some
sults from the water model of Schnabel agree with both sources within the statistical
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uncertainty, except for 25 MPa, while the TIP4P model yields too high results for gw
for pressures above 10 MPa, cf. Figure 4.16.

The results from the GERG-2004 EOS significantly overestimate the vapor pressure and
vapor concentration enhancement factors for both regarded temperatures.

4.5.3 Conclusion

In this section, molecular modeling and simulation is applied to predict thermodynamic
properties of humid air. In addition to densities of humid air in the homogeneous region,
the dew point at 60 and 80 °C at different pressures up to 25 MPa is predicted.

For dry air, a model is taken from prior work of Vrabec et al. [219] that consists of a
combination of three molecular models for the main components of dry air, i.e. nitrogen,
oxygen, and argon. This molecular model is assessed regarding the ternary VLE as well
as density and residual internal energy of dry air over a wide range of states in the
homogeneous gaseous region. Very good results are obtained compared to experimental
data and two reference EOS. Generally, the deviations are a few percent or below.

For water, two different models are employed in the present work: firstly, the TIP4P
model proposed by Jorgensen et al. [85] and secondly, the water model of Schnabel [171]
that is based on the TIP4P model and optimized primarily to the experimental vapor
pressure of pure water. Both water models are combined subsequently with the dry
air model to simulate humid air. As no further parameters are introduced, the present
humid air results are fully predictive.

The humid air density is predicted at different state points and water contents. The
results are compared to recent experimental data {94], yielding deviations below 2.5%
at the highest water mole fraction.

Finally, the dew point of humid air is predicted using a newly proposed ensemble.
This Mollier ensemble is developed in this work specifically for the determination of
the dew point in humid gases. The dew point results are also expressed in terms of the
vapor pressure enhancement factor fiy and vapor concentration enhancement factor gw-

Compared with experimental data, a satisfactory agreement is obtained for both water
models.

With both water models, vapor pressure and vapor concentration enhancement in humid
air may adequately be predicted. The water model of Schnabel vields quantitatively
correct results in most cases. Compared to experimental data, I;]OICCHIBI simulation
vields significant better results than the GERG-2004 EQOS [103:] without any specific

adjustment, which underlines the outstanding predictive capability of the method due
to its sound physical basis. 3
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Starting from quite simple, small molecules, a benefit of molecular modeling and simula-
tion is that also much more complex molecules can be covered with the same approach.
Basically, more effort regarding simulation techniques and computing power is needed
only, to investigate even macromolecules. A special class of polymers, hydrogels, are
chosen for a short case study in the present work.

Hydrogels are hydrophilic, three-dimensional interlinked polymer networks, which have
the ability to strongly swell or shrink. This swelling behaviour depends on the conditions
like temperature and pH value, but also on the solvent |55, 62, 73, 74]. Typical solvents
are water or aqueous solutions containing salts or polar solvents. The sensitivity of the
swelling behaviour of hydrogels allows for a variety of applications, ranging from super
absorbers used in diapers to chromatography materials for protein purification or drug
release. A detailed knowledge of the thermophysical properties of hydrogels is necessary
to tailor hydrogels for future high-performance applications.

Work on hydrogels in the literature is mostly of experimental nature. Only a few theo-
tetical approaches exist, which, however, generally lack in predictive power. Thus, the
ability to predict thermophysical properties of real hydrogels by molecular modeling and
simulation is worthwhile studying. The aim of the present work in this area is to carry
out a first case study in the field, not to reach final conclusions.

5.1 Literature Overview

Experimental work on swelling and shrinking is available for many hyvdrogels like poly-
acryl amide (PAA) [90], polyvinyl alcohol (PVA) [156], polyhydroxyethyl methacrylate
(HEMA) |24, 158], and poly-n-isopropyl acrylamide (NIPAM) [67!.‘113 catg ?f NIPAM,
the hydrogel has also been investigated regarding its swelling behaviour in different sal-
vents like ethanol or sodium chloride solutions |74]. Furthermore, work on hy(ilrogels
in electric fields is available [108). Hirokawa and Tanaka |67] describe two experiments

which give interesting data for comparison or tuning of molecular models, cf. Figure 5.1.
To date, only few authors report on the application of molecular methods for deter-

mining properties of hydrogels. Both, MC techniques and MD simulations were used.
For example, Escobedo and de Pablo performed MC simulations of hydrogels [36, 38].
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Figure 5.1: Degree of swelling (ratio of the equilibrium volume V to initial volume V5)
of hydrogels at different conditions. (left) Swelling of NIPAM hyvdrogel in
pure water as a function of the temperature. The inset shows the hysteresis
of the discontinuous volume transition in greater detail. (right) Swelling
of hydrogels in a mixture of water and dimethyl sulfoxide (DMSO) as a
function of the solvent composition: © NIPAM hydrogel, ® PAA hydrogel.
The plots are taken from [67].

Therby, the hydrogel polymer networks were modeled by hard sphere chains without
electrostatic interactions in a strongly simplified manner. The aim of the simulations
was the development of reasonable sampling techniques and a theoretical investigation
of the influence of the potential parameters of hydrogel and solvents. A description of
real hydrogels and solvents was not within the scope of that work.

Netz and Dorfmiiller [143, 144] simulated the behavior of a tracer particle in the vicinity
of a statically preset hydrogel structure by MC. The intermolecular interactions were
modeled by hard sphere potentials as well. They observed a strong variation of the
diffusive properties of the tracer particle in the hydrogel compared to the bulk phase.

In contrast to these more theoretical approaches, real hydrogels were considered by MD
simulations. Miiller-Plathe et al. [135] and Tamai et al. [200] simulated long linear
PVA hydrogel chains in aqueous solutions. They drew
PVA hydrogels from the amount and type of hydrogen bonds formed between solvent

and hydrogel. In further works, this method was extended to polyvinyl methylether and
NIPAM hydrogels [197-

conclusions on the swelling of

199] and an alternative molecular model for the solvent water
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Chiesi et al. [18] introduced two-dimensional covalent interlinks in their hydrogel sim-
ulation. The considered PVA hydrogel was connected with jtself through the periodic
boundary condition. Thus, an infinite hydrogel was simulated but without any possi-
bility to swell or shrink due to the periodicity. Analogously to the work of Tamai et al_,
the behaviour of solvent molecules in the vicinity of the hydrogel was analyzed.

A realistic, three-dimensional interlinked hydrogel was simulated by Oldiges et al. [150,
151]. Hydrogel monomers were statistically arranged on a tetrahedral lattice and linked
with each other. Subsequently, the residence time of a solvent mixture of water and
acetonitrile in a PAA hydrogel was determined and the influence of the irregular hydrogel
structure was identified.

Netz et al. [145] also investigated a PAA hydrogel of this type. They varied the number
of water and hydrogel molecules within their simulation box and analyzed the residence
time of hydrogen bonds in every case.

In the previously discussed publications, no realistic intermolecular potentials were ap-
plied for the MC simulations. In case of MD simulations, realistic potentials were used,
which were mostly built from the well-known force fields AMBER [22] or GROMOS
[153] for the polymer chains or taken from literature for the solvents.

To our knowledge, no direct simulation on the dynamics of swelling or shrinking of
hydrogels was published so far. Instead, most authors try to deduce the swelling from
other properties, like the amount of hydrogen bonds or the variation of diffusivity of the

solvent in vicinity of the hydrogels.

5.2 Modeling Approach

The present work attempts to directly simulate the dynamics of swelling and shrinking
of hydrogels. Therefore, a hydrogel cube is regarded, which is built from hydro.gel
monomers. By not interconnecting this cube across the simulation volume boundaries,
the hydrogel cube is able to shrink or swell freely.

The simulation volume is chosen to be large enough to prevent an in‘%eract.ion of the
bydmgel with its replicas via the periodic boundary condition.' This is done by spe-
cifying the size of the simulation volume to be larger than the. size (?f the fully swollen
hydrogel plus two times the half of the cutoff radius at each side. }:71g?1re 5.2‘shows‘an
example for such an initial configuration of the observed hydrogel within the s%mu:atf()n
volume. Subsequently, the volume is filled with solvent molecules before the simulation

is started.
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Figure 5.2: Initial configuration of a hydrogel in present simulations. The water
malecules are omitted for clarity.

The hydrogel is modeled by interconnecting predefined monomers along the cuboid
backchain. The regarded monomers are vinyl alcohol (C2H40), acrylamide (C3H;NO),
and isopropyl acrylamide (C;H;;NO) for the hydrogels PVA, PAA, and NIPAM, re-
spectively. A detailed description of the building process is given elsewhere [169]. The
molecular model parameters for the bonded and non-bonded interactions are taken from
the GROMOS force field [153]. The electrostatic interactions are modeled by partial
charges according to the GROMOS force field. Unfortunately, the force field gives no
clear route to determine the partial charges in this case. On one side, there is a standard
approach using additive partial charges per atom and/or bond, while on the other side,
there are optimized charges for atoms in various protein groups. For the different vari-
ants of the force field, different properties of the hydrogels were observed as discussed in
the following. A further optimization of the model charges, e.g. to results from QM cal-
culations, ¢f. Chapter 3, or to macroscopic thermodynamic properties, is unavoidable,
but is not within the scope of the present work. Here, only some preliminary studies are

presented showing the general feasibility to investigate hydrogels by molecular modeling
and simulation.

Figures 5.3 and 5.4 show the sets of partial charges for the different monomers used in
the present work. The first (weaker) set of partial charges, shown in Figure 5.3, is derived
using the defaults implemented in the GROMOS force field. The second (stronger) set
of partial charges, shown in Figure 5.4, is derived including optimizations for protein
models from the GROMOS force field. A comparison of the charges on vinyl alcohol, (a)
in Figures 5.3 and 5.4, with the molecular model for ethanol presented by Schnabel et
al. [174], cf. Figure 5.5, demonstrates that the GROMOS force field gives in both cases
significantly lower charges than an optimization to experimental VLE data on similar
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Figure 5.3: Partial charges (weak set) in terms of elementary charges e on the model
monomers obtained from the GROMOS force field [153]: (a) vinyl alcohol,
(b) acrylamide, and (c) isopropyl acrylamide.
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Figure 5.4: Partial charges (strong set) in terms of elementary charges ¢ on the model
monomers obtained from the GROMOS force field [153]: (a) vinyl alcohol,
(b) acrylamide, and (c) isopropyl acrylamide.
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Figure 5.5: Partial charges in terms of elementary charges e on the ethanol model
presented by Schnabel et al. [174].
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molecules.
This may be a reason for the too low affinity to water, which is found in the present

simulations described in the following section.

5.3 Simulation of Swelling and Shrinking

A direct simulation approach is used to simulate the swelling and shrinking of hydrogels.
A single cuboid hydrogel cell or a combination of 8 or 27 such cells is placed in a
simulation volume, cf. Figure 5.6. The simulation volume is subsequently filled with
solvent molecules, mostly water, at the desired density. The simulation is run with the
technical details given in Appendix A and the volume of the hydrogel cube is recorded,

cf. Figure 5.7 for example.

Figure 5.6: Schematic of the model hydrogel cells.

As the complete process of swelling or shrinking of a hydrogel exceeds the time scale
accessible by a single molecular simulation, the process is separated along its time scale.
A series of hydrogel simulations is prepared, containing the same hydrogel configura-
tion at different initial volumes of the hydrogel cube. The different initial volumes are
generjted by dragging the hydrogel corners to specific positions during the equilibration
period.

This series of simulations is regarded as sub-intervals of the full swelling or shrinking
process. If a decreasing volume is observed, a new simulation is started with a lower
initial volume until an equilibrium state is reached, and vice versa. Figure 5.8 shows

such a series of simulations each running over 150 ps. The equilibrium state found here
indicates shrinking.

In contrast to experimental observations, no swelling of the investigated hydrogels is

found by molecular simulation here. In a single case, a stable swollen configuration is
found for an eight-cell PAA hydrogel, ¢f. Figure 5.9. This hydrogel is modeled with
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Figure 5.7: Volume transition of a PVA hydrogel in TIP4P water at 303 K.,
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Figure 5.8: Series of simulations of a PVA hydrogel starting from different initial vol-

umes in TIP4P water at 303 K.
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the stronger set of partial charges, ¢f. Figure 5.4, whereas the PAA hydrogel modeled
with the weaker set is stable only in the shrunken condition. Variations in temperature,
hydrogel size, number of connected hydrogel cells, cf. Figure 5.6, and box size are

checked and show only minor, insignificant influence.
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Figure 5.9: Stable swollen configuration observed for an eight-cell PAA hydrogel with
stronger polarity, cf. Figure 5.4, in TIP4P water at 303 K.

This supports the assumption derived by comparison of the partial charges from the
GROMOS force field to the ones obtained by adjustment to VLE properties for ethanol.
The polarity of the hydrogels seems to be underrepresented by the GROMOS force
field. Thus, the interactions between the hydrogel and the polar solute, here water, are
underpredicted and the model hydrogels tend to shrink.

It can be concluded that an investigation of hydrogels by molecular simulation is feasible
applying the presented methods. However, a detailed adjustment of the partial charges
of the hydrogel models is necessary to vield quantitative predictions. This may be done
analogously to the model development strategy presented in Chapter 3, but is not within
the scope of this work.
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6 Summary

Starting in the 1950s, molecular modeling and simulation became a tool not only for a
qualitative but quantitative determination of thermophysical properties. With the same
models, a consistent calculation of microscopic and macroscopic properties is possible.
Recent developments allow for a prediction of these properties with accuracies that are
valuable for engineering applications. However, a disadvantage of the method is the
scarcity of quantitatively satisfactory molecular models.

Within the present work, two goals are followed: Firstly, a parametrization strategy is
developed for a rapid modeling of new substances. This strategy relies on the use of
tesults of quantum mechanical calculations in the parametrization process. Secondly,
molecular modeling and simulation is applied to predict a variety of thermophysical
properties of different substances and mixtures. In an outlook, the application of mole-
culer modeling and simulation to hydrogels is presented.

New molecular models are developed for at total 13 different pure substances from dif-
ferent substance classes. These are iso-butane, cyclohexane, formaldehyde, dimethyl
ether, sulfur dioxide, dimethyl sulfide, thiophene, hydrogen cyanide, acetonitrile, ni-
tromethane, ammonia, ethylene oxide, and 1,1,1,2,3,3,3-heptafluoropropane. For their
parametrization, a combination of quantum mechanics and optimization to experimental
VLE data is used. This allows the development of physically sound molecular models,
which yield accurate microscopic and macroscopic thermophysical properties. In almost
all cases, a description of the experimental VLE data with deviations below 5, 1, and
5% in vapor pressure, saturated liquid density, and enthalpy of vaporization is achieved.

The developed molecular models are subsequently used to predict further thermoph}'s.i-
cal properties. For the example ammonia, an application to the prediction of microscopic
and macroscopic properties with the same molecular model is presented. An excellent
agreement with both experimental radial distribution functions as well as therm:fl and
caloric properties from a reference quality EOS is found. In case of ethyléne oxide, a
total of 17 different properties are calcnlated including transport properties and sur-
face tension. Again, a very good agreement with experimental and reference data was
seen. These examples underline the excellent transferability of molecular models for the

prediction of various thermophysical properties.
An application to mixtures is presented for the binary mixture heptafluoropropane
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(R227ea) and ethanol as well as for the quaternary system humid air. In the binary
mixture R227ea + ethanol, special unlike intermolecular interactions are present. These
cause, e.g., the Peng-Robinson EOS to fail in describing the experimental VLE data.
Molecular modeling and simulation is able to predict the phase coexistence correctly in
a strictly predictive manner. The vapor pressure predicted from pure component’s data

alone agrees well with experimental data over the full composition range.

Properties of humid air are discussed in Section 4.5. For dry air, modeled as the ternary
system nitrogen + oxygen + argon, thermophysical properties are predicted covering
a wide range of states with accuracies comparable or better than recommended EOS.
Also the density of humid air at elevated pressures was calculated, which agrees with
experimental data within 2 maximum deviation of 3 %. For the determination of the dew
point of humid air, a new pseudo-ensemble is developed. With this Mollier ensemble,

the dew point is predicted, being in good agreement with experimental results.

An outlook to the application of molecular modeling and simulation to hydrogels is given
as the conclusion of this work. For simplicity, predefined force fields from the literature
are used here. The method allows a direct evaluation of the swelling properties of hy-
drogels and thus opens a new route for an optimal design of hydrogels. For quantitative
predictions, an adjustment of the molecular models is unavoidable, but is not in the
scope of this work.

With the presented simulation results, namely the prediction of vapor pressure of the
binary mixture R227ea + ethanol and the calculation of 17 different thermophysical
properties of ethylene oxide, we participated in the third and fourth International Fluid
Properties Simulation Challenge in 2006 and 2007. The Simulation Challenge is an
annual contest in the field of molecular modeling and simulation announced by a col-
laboration between industry and academia coordinated by the National Institute of
Standards and Technology (NIST). After being the second entry on the mixture R227¢ea
+ ethanol in 2006, the contribution on the properties of ethylene oxide was announced
Champion of the Simulation Challenge in 2007.

In summary, it may be stated that molecular modeling and simulation definitely opens
new perspectives for the correlation and prediction of thermophysical properties. In con-
trast to many phenomenological correlations, molecular modeling and simulation yields
an approach for a consistent description of different properties by a single (molecular)
model. The method can be applied to small and large molecules as well as to mixtures.
However, there is still a considerable amount of work to be done. Additional molecu-
lar models must be developed for various pure substances and mixtures that are both
accurate and simple. And, of course, molecular modeling and simulation must further

be applied to technical problems in process engineering, to establish the method for
industrial use.
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Appendix
A Simulation Details

A1 Molecular Models of Real Fluids

All molecular models presented in this work are optimized to experimental VLE data
of the pure fluids. For the optimization, correlations to experimental Vapor pressure,
saturated liquid density, and enthalpy of vaporization taken from |165] are used. The
optimization procedure, which is applied here, is outlined in Section 3.3.

The Grand Equilibrium method [217] is employed throughout this work to calculate
VLE data on the basis of the models at seven to thirteen temperatures from 50 to 97 %
of the critical temperature during the optimization process, ¢f. Appendix B. For the
liquid, usually MD simulations are performed in the isobaric-isothermal (NpT) ensemble
using isokinetic velocity scaling [3] and Andersen’s barostat [5]. There, the number of
molecules is 864 throughout and the time step is 0.5 to 3 fs. The length of the time step
depends on the molecular weight and the magnitude of the intermolecular interactions
and is shorter for lighter and stronger interacting molecules, e.g. ammonia. Starting
from a face centered cubic lattice as initial configuration, the fluids are equilibrated over
25000 time steps with the first 5 000 time steps in the canonical (NVT) ensemble. The
production run time span is 150 000 to 200 000 time steps with a membrane mass of
10? kg/m*. In standard cases, Widom's insertion method [228] is used to calculate the
chemical potential by inserting up to 4 000 test molecules every production time step.

In cases, where Widom’s insertion method vields large statistical uncertainties for the
chemical potential, i.e. at high densities for strongly interacting molecules, MC simula-
tions are performed in the NpT ensemble for the liquid. Then, the chemical potential
is calculated by the gradual insertion method [147, 212, cf. Section 2.3.2. Here, the
mumber of molecules is typically 500. Starting from a face centered cubic lattice, 15 000
MC cycles are performed for equilibration and 50 000 for production, each cycle con-
taining 500 translation moves, 500 rotation moves, and 1 volume move. Every 50 cyc?es,
5000 fluctuating state change moves, 5000 fluctuating particle translation and rotation
moves, and 25000 biased particle translation /rotation moves are perfornlled, t(.) deter-
mine the chemical potential. These computationally demanding simulations yield the
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chemical potential in dense and strong interacting liquids with high accuracy, leading

to reasonable uncertainties in the VLE.

For the corresponding vapor, MC simulations in the pseudo-uV'T ensemble are per-
formed. The simulation volume is adjusted to lead to an average number of 500 molecules
in the vapor phase. After 1 00D initial NVT MC cycles, starting from a face centered
cubic lattice, 10 000 equilibration cycles in the psendo-uV'T ensemble are performed.
The length of the production run is typically 50 000 cycles, in selected cases up to
100 000. One cycle is defined here to be a number of attempts to displace and rotate
motecules equal to the actual number of molecules plus three insertion and three deletion
attempts.

The cut-off radius is set to at least 17.5 A throughout and a center of mass cut-off scheme
is employed. Within the cut-off radius, all interactions are calculated explicitly. LJ long-
range interactions beyond the cut-off radius are corrected employing angle averaging as
proposed by Lustig [116]. Electrostatic interactions are approximated by a resulting

molecular dipole and corrected using the reaction field method [3].

Statistical uncertainties of the simulated values are estimated by a block averaging
method [49]. The total uncertainty of combined results is calculated from the uncer-
tainties of the individual factors using the error propagation law.

A.2 Applications in Process Engineering

Thermal and Caloric Properties of Ammonia For the simulations of ammonia in the
homogeneous region, MD simulations are performed in the NpT ensemble using isoki-
netic velocity scaling [3] and Aunderson’s barostat [5]. There, the number of molecules
is 864 and the time step is 0.58 fs. The simulations are equilibrated over 120 000 time
steps with the first 20 000 time steps in the canonical (NVT) ensemble. The production
runs go over 300 000 time steps with a membrane mass of 10° kg/m*.

For the radial distribution functions, a MD simulation is performed with 500 molecules.

Intermolecular site-site distances are divided in 200 slabs from 0 to 13.5 A and summed
up for 50 000 time steps.

Isobaric Heat Capacity and isothermal Compressibility of Ethylene Oxide For

the ca.l?ulatmn of isobaric heat capacity ¢p and isothermal compressibility Br of ethy-
lene oxide, MD simulations in the : ¢
points with N

NpT ensemble are performed at the saturated state
i - = 1372 throughout. Starting from a face centered cubic lattice, 55 000
equilibration steps are made, followed by 300 D00 production time steps of 2’1' fs f

liquid phases and 500 000 production time steps for vapor phases s ¥ .
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For the calculation of 37 in the vapor phase. it is erucial to choose the correct membrane
mass of Anderson’s barostat. Too high values lead to volume oscillations with a large
wavelength and consequently to large statistical uncertainties (10° kg/m*) or even wrong
results (10° kg/m*) for Br, of. Figure A.1. Here, a membrane mass of 5 . 10° kg/m* for
the present model and 2.5 - 10° kg/m* for the model of Wielopolski and Smith [éS{)j are

chosen.
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Figure A.1: Running average of the isothermal compressibility Oy for the present
model for different membrane mass parameters of Anderson’s barostat
in the saturated vapor at 375 K. Horizontal lines indicate the statistical

uncertainty.

Transport Properties of Ethylene Oxide Equilibrium MD simulations are performed
in the NVT ensemble with N = 500 at the saturated densities from VLE calculations.
The cut-off radius is set to 17.5 A throughout and long-range corrections are applied as
described in Section A.1. Liquid state simulations are equilibrated for 50 000 timne steps

and 300 000 time steps for production are performed with 1.25 fs. During the production

phase, 3 000 autocorrelation functions (ACF) are evaluated. To sample independent

ACF, the time span between two consecutive functions is set to 0.13 ps. After this
period, the normalized ACF decayed to far less than 1 /e == 0.368, cf. Figure A.2. Thus,
their statistical independence may be assumed and a new ACF is evaluated. The time
span of the ACF is set to 6.4 ps, as the integral showed stationary behaviour within the
statistical uncertainty, cf. Figure A.3, which is calculated by a block averaging method
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|48].

For the vapor phase much longer ACF must be evaluated. as they show a significant
long time behaviour due to the low density. The length of the ACEF is set to 50 ps. The
time span between two ACF is kept at 0.13 ps, as this is adequate also in the vapor
state. To sample the ACF with a higher resolution, the time step of the simulation is
reduced to 0.65 fs. A total of 4 500 ACF are evaluated, leading to a production period
of 1 000 000 time steps.

Surface Tension of Ethylene Oxide As a preparatory step for obtaining an ade-
quate initial configuration, a homogeneous liquid and a homogeneous vapor phase are
simulated independently in a cuboidal volume at saturated densities taken from the
homogeneous VLE simulations, ¢f. Table B.1. Both simulations are done by MD in the
NVT ensemble starting from a lattice for 10 000 time steps of 3 fs to obtain equilibrated
vapor and liquid phases, where the number of molecules in the liquid is 5 324 and in the
vapor is 2 048. The molecular configurations of these equilibrated homogeneous phases
are then used to construct an initial configuration for the inhomogeneous system. This
is done by putting a cube of length [ from the liquid configuration into the center of
the inhomogeneous system and adding a cuboidal volume of length 2! from the vapor
configuration on both sides of the liquid. Note that the preparatory liquid phase is sim-
ulated in a volume with exactly a size [ in o and y direction as well to avoid molecular
overlaps over the periodic boundary. The system size is chosen to be [ = 66 A, the liquid
contained approximately 2 900 molecules and the vapor 400 molecules (present model
of ethylene oxide) or 600 molecules (model of Wielopolski and Smith [230]). Molecular
overlaps between the phases are avoided and relative positions as well as velocities are
conserved within each phase. Starting from such initial configurations, MD simulations
of inhomogeneous systems have a mechanical stability which is satisfactory.

Planar interface VLE calculations are carried out in the isokinetic NVT ensemble with
200 D00 equilibration time steps, followed by a production phase of 1 500 000 time steps.
To adequately simulate the VLE directly, it is usually necessary to account for the in-
homogeneity of the fluid through long-range corrections. For the dispersive interaction,
being madelled here by the L3 potential, often significant long-range contributions both
to the dynamics of the system and to the thermodynamic properties have to be consid-
ered [113]. Several correction schemes have been proposed in the literature |79, 177] to
address this issue. Also for the dipolar interaction expressions for long-range contribu-
tions are available, e.g., based on Ewald summation technique [127]. However, in the
present work, a brute force approach is preferred to the programming effort, simulating
both molecular models for different (large) cut-off radii between 12 and 25 A. They are
chosen to be up to 6.8-fold of the largest LJ size parameter . Simulations by N}ECke



Appendix A Simulation Details

109

1.0 § T T T
05 Shear viscosity .
/e 1

0.0 L-I\_-.. P e o
6 1 O I { - 1 IR T T | 1 1 1
< 7 T T (A T T T '_‘4
05 4 Thermal conductivity -
1/e ]
0.0 g R ---A..w

0 1 2 3 ks 5

{/ps

Figure A.2: Normalized autocorrelation functions (ACF) for shear viscosity and ther-

mal conductivity for the present model o

f ethylene oxide, cf. Table 3.5,

in the saturated liquid at 375 K. The vertical line denotes ¢ = 0.13 ps,

where both ACF have decayed far below 1/e =~ 0.368.
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Figure A.3: Shear viscosity and thermal conductivity as integrated over the respec-
tive autocorrelation functions for the present model of ethylene oxide, cf.

Table 3.5, in the saturated liquid at 375 K. The vertical lines indicate
statistical uncertainties.
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et al. [128] suggest that for r. > 6.5¢ long-range contributions only play a little role.
From the simulation results the behaviour at infinite cut-off radius is extrapolated.

Binary Mixture R227ea + Ethanol For the determination of the binary VLE of the
mixture R227ea + ethanol, the same methods are applied as described above for the
VLE of pure fluids. The number of molecules in the liquid runs is 1372 throughout and
the time step is 1.7 fs. Following an equilibration over 21 000 time steps with the first
1000 time steps in the canonical (N V T) ensemble, the production run goes over 600 000
time steps with a membrane mass of 10° kg/m? for the liquid. Widom’s insertion method
[65, 228] is used to calculate the chemical potentials and the partial molar volumes in
the lignid by inserting 5488 test molecules every time step for each component. At
all state points, four independent liquid simulation runs with slightly different initial
densities are performed. The four resulting data sets are averaged to obtain results
with lower statistical uncertainties. It has to be pointed out that the simulation effort
is considerable but necessary for this mixture to achieve vapor pressure error bars in
the range of 5% at 343.13 K. The number of molecules for vapor phase simulations
is on average 700. After 1 000 initial NVT MC cycles, 10 000 equilibration cycles in
the psendo-uV'T ensemble are performed. The length of the production run is 300 000
cycles,

Dry Air Simulations The ternary VLE in the mixture nitrogen + oxygen + argon is
calculated analogously to the binary mixture R227ea + ethanol described above. The
number of molecules is 864 throughout. The production period is 200 000 time steps
with 2 membrane mass of 10° kg/m®*. Widom’s insertion method [228] is applied to
determine the chemical potential by inserting 3 200 test molecules of every species every
production time step. For the corresponding vapor, MC simulations in the pseudo-
1VT ensemble are performed. The simulation volume is adjusted to lead to an averagre
number of 500 molecules in the vapor phase, while the length of the production run is
100 000 cycles.

For the homogeneous dry air simulations, MD is applied with the same technical details
as used for the saturated liquid runs, except the insertion of test molecules. The results

are thoroughly checked to avoid any drifts over the simulation course.

Properties of Humid Air The homogeneous humid air simulations, cf. Table 4.4, ar;
done by MD simulations. For production, 200 000 time steps of 1.18 fs are performe

in the NpT ensemble.

For the determination of the dew points of humid air,
are done with both regarded molecular water models at

pure liquid water simulations

the desired temperature and
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the corresponding vapor pressure of water. The MC method is applied and gradual
insertion is used to calculate the chemical potential of water [212]. Starting from a
face centered cubic lattice containing 864 water molecules, 15 000 Monte Carlo cycles
are performed for equilibration and 50 000 for production. each cycle containing 864
translation moves, 864 rotation moves, and 1 volume move. Every 50 cycles 5 000
fluctuating state change moves, 5 000 fluctuating particle translation and rotation moves,
and 25 000 biased particle translation and rotation moves are performed, to measure

the chemical potential.

The corresponding vapor phase at the dew point is determined by MC simulations in the
proposed Mollier ensemble, cf. Section 4.5.2.1. The number of number of molecules of
the dry air components nitrogen, oxygen, and argon in the vapor phase is set to 2000. In
case of low water mole fractions, the dry air molecules are increased to 4 000 for improved
statistics. Again, starting from a face centered cubic lattice, 15 000 Monte Carlo cycles
are performed for equilibration and 50 000 for production, each cycle containing N
translation moves, NV rotation moves, 1 volume move as well as 2 insertion and 2 deletion
attempts of a water molecule, where N is the actual particle number.

A.3 Hydrogels

All hydrogel simulations are performed with MD using the GROMACS simmulation pack-
age [184]. The hydrogel polymer itself contained 1 000 to 12 000 interaction sites depend-
ing on the type, cuboid size, and number of hydrogel cuboids regarded. The hydrogel
is solvated in a simulation volume with periodic boundary conditions, where the size of
the simulation volume is chosen to prevent an interaction of the hydrogel cuboid with
its own replicas. The simulation volume is filled with solvent molecules, mostly water,
at the experimental density yielding & 000 to 25 000 solvent molecules.

After some energy minimization loops to avoid molecular overlaps from the initialization,
the system is equilibrated for about 100 s in the NVT ensemble with a time step of
L fs. The corners of the hydrogel cube are fixed in space during equilibration to keep
the hydrogen volume constant. Tn the subsequent production period. these constraints
are turned off to allow swelling or shrinking. Production runs went over 100 to 500 ps.

During production, the hydrogel volume is recorded by calculating the average distance
between the hydrogel backchain atoms and the center of mass of the hydrogel. The

volume is reported in this work as the volume of a sphere with a radius equal to that
average distance.
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Table B.1: VLE data of the modeled substances: present simulation data compared
to correlations of experimental data [165] or reference EOS [202] (in case of
ammonia) for vapor pressure, saturated densities, and enthalpy of vapor-
ization. The number in parentheses indicates the statistical uncertainty in
the last digit.

T P:lm pixp p;im p’exp p:u‘n Ah‘frlm Ah:rxp
K| MPa MPa mol/l mol/l meol/l kl/mol kJ/mol
iso-butane

150 12.15(1) 12.149

200 11.28(1) 11.325

270 | 0.14(1) 0.140 9.98(1) 10.050 0.067(6) 20.80(3) 20.811
300 | 0.37(2) 0.370 9.37(1) 9.420 0.164(7) 19.10(3) 19.006
320 | 0.59(2) 0.633 8.88(2) 8.955 0.254(8) 17.80(4) 17.591
335 | 0.87(2) 0.906 8.54(2) 8575 0.37 (1) 16.72(4) 16.375
350 | 1.30(3) 1.258 8.10(3) 8.159 0.58 (1) 15.16(6) 14.980
365 | 1.74(3) 1.701 7.69(3) T7.688 0.79 (1) 13.76(6) 13.325
380 | 221(3) 2.252 7.05(5) 7113 1.03 (2) 11.89(9) 11.240
390 | 2.77(3) 2.689 6.59(9) 6.609 1.44 (2) 9.9 (1) 9.408
cyclohexane

300 9.13(0) 9.174

330 [ 0.02(1) 0.046 8.80(0) 8.831 0.013(3) 31.49(1) 31.‘%39
360 | 0.12(1) 0.121 8.45(0) 8.476 0.041(4) 29.89(1) 28.589
390 | 0.27(2) 0.267 8.09(1) 8.101 0.088(5) 28.19(2) 22.636
415 | 0.51(2) 0.467 7.77(1) T7.767 0.165(7) 26.50(3) 2:).%_.8
440 | 0.75(2) 0.763 T.41(1) 7.404 0.240(7) 24.78(3) 23.758
460 | 1.08(2) 1.085 7.12(1) 7.083 0.343(6) 23.18(4) 21.823
480 | 1.48(2) 1.496 6.76(3) 6.723 0.478(7) 21.27(5) 19.327
500 | 2.01(2) 2.012 6.38(2) 6.305 0.68 (1) 18.9?(7) 11.677
515 | 2.44(2) 2478 5.97(3) 5.935 0.85 (1) 16.92(9) 1 .562
535 | 3.29(2) 3.223 5.44(6) 5.280 131 (2] 181 (1) 10

continued on next page
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continued from previous page

T e
K MPa

exp
o

MPa

T
Psim

mol/l

Pop
mol/l

7
Psim

mol/1

AhS®
kJ /mol

AhZP
kJ/mol

formaldehyvde

250 | 0.103(1)
300 | 0.582(2)
330 | 1.327(6)
350 | 1.99 (7)
370 | 3.03 (7)
385 | 4.12 (7)
390 | 4.49 (9)

0.085
0.549
1.271
2.058
3.180
4.298
4.732

2781(3)
24.83(4)
22.69(4)
21.11(5)
18.92(7)
16.7 (1)
15.8 (2)

27.50
24.40
22.30
20.60
18.70
16.90
16.20

0.053(1)
0.273(3)
0.617(7)
0.95 (7)
1.53 (8)
2.24 (9)
25 (1)

22.41(4)
19.49(5)
17.22(5)
15.6 (2)
13.2 (2)
10.9 (2)
10.2 (3)

23.30
20.80
18.90
17.30
15.30
13.20
12.20

dimethyl ether

160
200
280
300
320
335
350
365

0.32(3)
0.64(3)
1.09(2)
1.53(4)
2.18(3)
2.83(3)
380 | 3.86(3)
390 | 4.57(3)
sulfur dioxide
0.04(1)
0.09(1)
0.15(1)
0.24(1)
0.40(4)
1.03(3)
2.09(3)
390 | 3.85(4)
405 | 5.17(3)
dimethyl sulfide

255
270
285
300
330
360

0.335
0.623
1.065
1.523
2.110
2.843
3.742
4.444

0.069
0.136
0.247
0417
1.013
2.098
3.873
5.095

18.25(1)
17.17(1)
14.79(1)
14.11(1)
13.39(1)
12.80(2)
12.11(3)
11.27(3)
10.31(7)

9.6 (2)

23.945(3)
23.327(3)
22.694(3)
22.043(4)

21.357(8)

19.88 (1)
18.17 (2)
15.98 (4)
14.53 (6)

0.070(2)
0.210(5)
0.47 (1)
0.74 (1)
111 (2)
1.74 (2)
2.59 (2)
3.68 (3)

0.075
0.208
0.465
0.735
1.109
1.758
2.662
3.889

14.385(3)
13.448(7)
12.865(8)
12.233(8)
11.809(7)
11.32 (1)
10.68 (1)
9.95 (2)
9.01 (2)

18.209
17.189
14.844
14.156
13.401
12.772
12.067
11.242
10.196

9.215

23.664
23.085
22.488
21.869
21.222
19.816
18.190
16.166
14.855

14.390
13.492
12.906
12.288
11.841
11.355
10.673

9.857

8.770

0.15(1)
0.29(1)
0.49(1)
0.70(1)
1.02(1)
1.36(2)
2.09(3)
2.69(4)

0.018(4)
0.043(4)
0.069(4)
0.106(6)
0.17 (1)
0.44 (1)
0.90 (2)
1.80 (3)
2.66 (3)

19.90(1)
18.57(2)
17.11(2)
15.86(2)
14.29(4)
12.65(5)
10.1 (1)
8.3 (1)

26.40(1)
25.53(1)
24.71(1)
23.85(1)
22.88(1)
20.57(1)
17.83(3)
14.20(7)
11.50(7)

19.896
18.623
17.124
15.806
14.262
12.391

9.950

7.625

25.375
24.521
23.623
22.667
20.511
17.867
14.354
11.967

0.028(1)
0.080(2)
0.169(4)
0.261(5)
0.387(7)
0.609(7)
0.93 (1)
1.39 (2)

26.43(1)
25.02(2)
23.41(2)
22.27(2)
20.95(2)
18.07(3)
16.85(5)
14.01(8)

27.607
25.917
24.086
22,726
21.216
19.034
16.336
12.580

continued on next page
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continued from previous page

T or  Pim P im AR AR
K MPa MPa  mol/l mol/1 mol/l  kJ/mol kJ/mol
thiophene

270 | 0.0009(1) 0.002 12.83 (2) 12.967 0.0004(1) 34.13(7) 35.956
285 | 0.0033(2) 0.005 1262 (2) 12.763 0.0014(1) 33.46(6) 35.270
300 | 0.0101(8) 0.012 12.398(6) 12.555 0.0041(3) 32.72(2) 34.562
325 | 0.029 (2) 0.033 12.068(6) 12.199 0.0110(9) 31.67(2) 33.329
348 | 0.076 (5) 0.075 11.732(6) 11.859 0.027 (2) 30.59(2) 32.127
3831019 (3) 0209 11.257(8) 11.315 0.063 (9) 29.06(2) 30.148
418 | 0.53 (2) 0.476 10.699(6) 10.728 0.166 (5) 27.02(2) 27.939
464 | 118 (2) 1.139 9.88 (1) 9.866 0.359 (6) 24.09(3) 24.532
4931194 (2) 1.813 9.33 (2) 9238 0.599 (8) 21.76(5) 21.928
530 | 3.17 (2) 3.068 842 (3) 8264 1.03 (1) 18.06(7) 17.653
551 | 420 (3) 4.031 7.86 (5) 7.530 146 (2) 152 (1) 14.240
hydrogen cyanide

273 ] 0.030(1) 0.035 26.21(3) 26.548 0.0141(d) 28.78(4) 27.778
205 | 0.078(3) 0.088 25.11(4) 25.354 0.035 (1) 27.30(4) 27.060
315 | 0.169(5) 0.180 24.01(5) 24.217 0.074 (2) 25.76(5) 26.336
358 | 0.66 (1) 0.640 21.52(8) 21.536 0.292 (6) 21.86(7) 24.451
388 | 143 (3) 1.326 19.52(7) 19.367 0.69 (1) 18.41(8) 22.697
406 | 209 (4) 1.966 17.9 (8) 17.859 1.08 (2) 16.0 (1) 21.323
420 | 269 (3) 2626 163 (1) 16504 1.44 (3) 14.1 (1) 19.953
430 | 343 (3) 3.207 155 (1) 15373 2.05 (3) 121 (1) 18.690
435 | 370 (3) 3.538 14.0 (3) 14.726 231 (3) 107 (2) 17.909
acetonitrile

270 | 0.0015(1) 0.003 19.71(1) 19.636 0.0007(1) 38.87(8) 34.302
300 | 0.0074(3) 0.013 18.90(2) 18.871 0.0032(1) 36.78(7) 32.952
327 | 0.029 (1) 0.040 18.20(3) 18.151 0.0112(6) 34.88(7) 31.641
360 | 0.088 (3) 0.119 17.25(2) 17.223 0.033 (1) 32.42(6) 29.886
400 | 0204 (5) 0.352 16.05(2) 16.003 0.109 (2) 29.09(6) 27.459
420 | 051 (1) 0.558 15.47(4) 15341 0.190 (4) 27.27(8) 26.078
436 | 0.76 (3) 0.782 14.78(1) 14.777 0.289 (9) 25.31(5) 24.866
450 | 1.00 (4) 1.032 14.25(2) 14.253 0.38 (1) 23.98(5) 23.705
464|127 (9) 1.341 13.65(3) 13.693 0.48 (3) 22.58(5) 22427
490 [ 208 (4) 2.101 12.42(3) 12515 0.85 (2) 19.20(9) 19.603
505|269 (3) 2673 11.52(5) 11.707 1.18 (2) 16.7 (1) 17.549
510|273 (5) 2.889 11.06(6) 11.405 1.16 (2) 16.5 (1) 16.753
518 [3.14 (4) 3.263 10.37(7) 10.871 1.37 (2) 150 (1) 15.308

continued on next page
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continued from previous page

P 0w A" Plim Pexp Péim Ang™ ARTP
K MPa  MPa mol/1 mol/1 mol/1 kJ/mol kJ/mol
nitromethane

300 | 0.001(1) 0.003 18.82(2) 18.669 0.0003(1) 44.05(4) 38511
353 | 0.026(1) 0.050 17.25(2) 17.239 0.0092(4) 39.62(5) 35.812
390 | 0.105(3) 0.160 16.32(3) 16.331 0.035 (1) 36.78(7) 33.983
430 | 033 (1) 0.435 15.27(2) 15.270 0.107 (3) 33.47(5) 31.716
471 | 092 (2) 1.003 14.13(3) 14.058 0.301 (6) 29.29(8) 28.931
500 | 156 (2) 1.670 13.12(4) 13.083 0.525 (8) 25.98(9) 26.518
530 | 2.70 (4) 2.694 11.93(5) 11.899 099 (2) 21.5 (1) 23.347
560 |4.09 (6) 4.211 104 (1) 10345 1.64 (3) 16.7 (2) 18.696
ammonia (new model)

240 | 0.13(1) 0.102 40.26(1) 40.032 0.0665(1) 24.12(1) 23.314
280 | 0.60(2) 0551 36.98(2) 36.939 0.281 (1) 21.56(1) 21.073
315 | 1.65(4) 1637 33.76(3) 33.848 0.744 (2) 18.96(2) 18573
345 | 3.37(4) 3.457 30.45(4) 30.688 1.55 (1) 16.19(3) 15.795
363 | 5.22(5) 5101 28.17(6) 28.368 256 (2) 13.93(5) 13.654
375 | 6.37(6) 6.485 26.18(7) 26502 3.17 (3) 12.48(6) 11.891
385 | 7.88(5) 7.845 24.05(9) 24608 4.27 (5) 10.49(9) 10.078
ethvlene oxide

235 | 0.010(3) 0.000 21.61(1) 21.54 0.00525(1) 27.33(1) 28.17
270 | 0.06 (1) 0.058 20.56(1) 20.54 0.02610(2) 25.85(1) 26.49
305 | 0.23 (1) 0.222 19.44(1) 19.45 0.1077 (2) 24.10(1) 24.62
340 | 061 (1) 0.627 18.21(1) 1826 0.2380 (6) 22.25(1) 22.49
375 |143 (2) 1437 16.86(1) 16.89 0.554 (2) 19.83(2) 19.95
390 [1.94 (2) 1.956 16.21(1) 16.23 0.752 (3) 18.64(2) 18.68
410 | 2.80 (2) 2.849 15.18(2) 1524 1.110 (5) 16.76(3) 16.73
45 | 506 (3) 5088 1201(6) 1292 227 (3) 122 (1) 1191
R227ea
205.7 0.006 10.278(3) 10.107 25.716
261.8 | 0.10(2) 0125 9.133(4) 9.017 0.0467(1) 23.08(1) 22.022
280.5 | 0.24(2) 0.256 8.72 (1) 8604 01140(3) 22.21(2) 20.553
2092 | 0.42(2) 0472 824 (1) 8151 0.1897(5) 20.40(2) 18.888
317.9 | 0.79(2) 0.801 7.72 (1) 7.641 0371 (1) 18.10(3) 16.939
327 | 1.02(2) 1.012 742 (1) 7.364 0485 (2) 16.85(4) 15.841
336.6 | 1.33(2) 1279 714 (2) 7.041 0665 (5) 15.36(5) 14.528
344.1 | 1.55(2) 1.521 6.84 (2) 6.758 0.79 (1) 14.16(6) 13.348
355.3 | 1.85(2) 1.948 6.22 (2) 6.257 0.3 (1) 12:41(6) ddi74
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Table B.2: VLE of the binary mixture R22Tea + Ethanol at 283.13 and 343.13 K
present simulation data compared to experimental data on vapor pressure.
The number in parentheses indicate the statistical uncertainty in the last
digit.

‘ig TR227en | P Pexp YR227ea
K mol/mol | MPa MPa mol/mol

28315 0O | 0.003(1) 0.003
0.490 | 021 (2) 0230 099 (1)
0.785 | 0.23 (2) 0.256 0.985(4)
1 | 0.26 (2) 0.280

34315 0 | 0.072(8) 0.073
0.056 | 0.32 (3) 0.322 0.66 (4)
0.145 | 0.60 (4) 0.617 0.81 (3)
0274 | 0.79 (9) 0.886 0.88 (3)
0478 |1.12 (4) 1.097 0.3 (1)
0.668 | 119 (3) 1222 0.94 (1)
0.878 | 1.37 (2) 1.366 0.970(2)
0.940 | 1.41 (3) 1.422 0.983(1)
1 | 1.48 (3) 1.487

Table B.3: Present simulation data on the VLE of the ternary m.ixtgre nitrogen 4 oxy-
gen + argon at 120 K. The numbers in parentheses indicate the statistical

uncertainty in the last digits.

x z TAr P YNz ycf)z Uar
mo) ?;o! m o]?;'zol mol/mol | MPa mol/mol mol/mol mol/ H%O]
06193  0.2857  0.0050 | 1.92(1) 0.733(3) 0.197(2) 0.070(2)
06126 02365 01509 | 1.95(1) 0.728(3) 0.160(2) 0.112(2)
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Table B.4: Dew point, vapor concentration enhancement factor gw. and vapor pressure
enhancement factor fy of humid air: Present simulation data compared to
experimental data from Koglbauer and Wendland [95] and correlation from
Whlie and Fisher [231]. The numbers in parentheses indicate the statistical
uncertainty in the last digits.

T D P Tw gwsim 9w |95] gw [231] fwasim Sfw [231]
K MPa | mol/l mol/mol

TIP4P water model [85]

33315 2.0 | 0.7223(2) 0.0238(2) 1.02(6) 1.0648 1.050 1.05(7) 1.046
50 |1.7992(7) 0.0103(1) 1.10(7) 1.1642 1122 1.13(8) 1115
10.0 | 3.557(1) 0.00594(8) 1.25(8) 1.3288  1.246 1.30(9)  1.227
15.0 | 5.231(2) 0.00456(9) 1.42(10) 14897  1.377 1.51(11) 1.332
20.0 | 6.799(3)  0.00403(7) 1.63(12) 1.6509 1.78(13)
22.5 | 7.538(3) 0.00373(8) 1.67(13) 1.7460 1.85(14)
95.0 | 8.239(3)  0.0040(1) 1.93(11) 1.8178 2.18(13)

353.16 2.0 | 0.6814(7) 00520(4) 1.02(d) 1.0408 1.048 1.06(d)  1.038
50 |1.6925(6) 0.0232(2) 1.10(4) 11204 1.110 1.16(4)  1.094
100 | 3.334(1) 0.0132(2) 1.24(5) 1.2312 1.217 1.33(5)  1.185
15.0 | 4.899(2) 0.0105(2) 1.45(6) 1.3405 1.328 1.58(6)  1.268
20.0 | 6.367(3) 0.0001(2) 1.64(7) 1.4590 1.83(8)
22.5 | 7.064(3) 0.0089(2) 1.78(9) 1.5178 2.02(10)
25.0 | 7.730(4)  0.0082(2) 1.79(9) 1.5752 2.06(10)

water model of Schnabel [171]

33315 20 | 0.7219(2) 0.0075(1) 1.02(8) 1.0648 1.050 1.00(8)  1.046
5.0 | 1.7983(5) 0.00333(4) 1.13(9) 1.1642 1122 1.11(9)  1.115
100 | 3.555(1) 0.00191(2) 1.28(10) 1.3288  1.246 1.27(10) 1.227
150 |5.226(2) 0.00144(2) 1.42(12) 14897 1.377 1.44(12) 1.332
20.0 | 6.798(3) 0.00124(2) 1.59(13) 1.6509 1.65(14)
22.5 | 7.531(4)  0.00117(2) 1.66(14) 1.7460 1.76(14)
250 | 8.232(4)  0.00117(4) 1.82(18) 1.8178 1.95(19)

35315 2.0 | 0.6800(7) 0.0217(2) 10i(6) 10408 1.048 1.03(6) 1038
5.0 | 1.6902(5) 0.0094(1) 1.08(7) 11204 1110 1.12(7)  1.094
10.0 | 3.330(1)  0.00538(7) 1.23(8) 1.2312 1.217 1.28(8) 1.185
15.0 | 4.895(2)  0.00416(7) 1.39(9) 13405 1.328 149(8)  1.268
20.0 | 6.361(3)  0.00358(8) 1.56(11) 1.4590 1.70(12)
22.5 | 7.050(4) 0.00338(8) 1.63(12) 1.5178 1.81(13)
25.0 | 7.720(4)  0.0034(1) 1.80(16) 1.5752 2.03(17)
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