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Abstract

This thesis describes the development of a methodology for generation of GF-
model descriptions for binary mixtures. The methodology addresses the prob-
lem of missing descriptions of phase behavior of mixtures containing specialty
compounds where both experimental data and G®-model parameters typically
does not exist. The GF-model parameters are necessary for development of
new products. The GF-model descriptions are generated by combining mole-
cular dynamics simulations and Fluctuation Solution Theory where the only
input needed is the pure component force field descriptions. The methodol-
ogy contains two main steps. In the first step a series of molecular dynamic
simulations are made at different compositions from which the average molar
volume and angle-averaged center-of-mass to center-of-mass radial distribution
functions are the main output. In the second step the output from simulations
are analyzed using Fluctuation Solution Theory which takes the microscopic
level information and returns macroscopic derivative properties. The macro-
scopic derivative properties are then applied as observed quantities in an ob-
jective function which is minimized in order to develop macroscopic GF-model
descriptions which can be applied in prediction of phase behavior. The method-
ology has been tested using a series of case studies. The method is remarkably
accurate irrespective of its simplicity. The method only requires open source
software and can draw upon the CHARMM parameters known from the litera-
ture. Attempts to develop force field parameters for a novel class of compounds
was also made,. These were only partially successful.
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Resumé pa dansk

Denne tese beskriver en fremgangsmade til bestemmelse af makroskopisk G-
modeller for binzre blandinger. Fremgangsmaden er et forsgg pa at tackle
problemer ved design af nye kemiske produkter, hvor der sjeldent eksisterer
eksperimentel data eller model beskrivelser for blandinger. Bestemmelsen af
GF-modellen for en binzr blanding opnis ved en kombination af molekyles-
imulering og Fluctuation Solution Theory, hvor det eneste inddata er parame-
ter til kraftfelt beskrivelsen af de rene komponenter. Fremgangsmaden kan
opdeles i to hovedtrin. I det fgrste foretages en serie af molekylesimuleringer
ved forskellige sammensatninger, hvor molar volumner og radiser fordelings-
funktioner (Radial distribution functions) er de primeere resultater. I andet
trin bruges de radizer fordelingsfunktioner sammen med Fluctuation Solution
Theory til at ekstrahere information om de makroskopiske veaerdier, og denne
information bruges til at optimere parametrene i GF-beskrivelsen, som kan
bruges til faseberegninger. Fremgangsmaden er blevet testet igennem en raekke
konkrete eksempler.
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Introduction

In the modern chemical industry the main focus has changed from bulk to
high-value specialty chemicals. The property prediction tools available for an
R&D group are traditionally group contribution methods and equations of
state which were developed with bulk chemistry and oil production challenges
in mind. The semi-quantitative property prediction models (SQPP) have been
applied to the new challenges but they all have weaknesses and limitations con-
cerning size and complexity of the molecules and mixtures when applied outside
a narrow proven range. They are also quite data-demanding to develop and
extend. In the area of specialty chemicals experimental data is limited. Typi-
cally density data is available at ambient temperatures together with melting
and boiling temperatures. Other pure component properties such as enthalpy
of vaporization and vapor pressure data can be found in limited cases. The lack
of experimental data becomes a major problem when different forms of mixture
phase equilibria have to be studied. Normally limited or no data is available
for specialty chemicals which makes it impossible to determine parameters for
any SQPP model. It has been estimated that the cost of a single VLE data
point is $2600 and take 2 days to produce (Gubbins and Quirke, 1996) and
the prize has probably not decreased in the last 10 years. An alternative to
experimental investigations is molecular modeling or computational chemistry
where pseudo-experimental data can be extracted from computations.

Computational simulation techniques are already being used to complement,
guide and sometimes replace experimental measurements thereby reducing the
time and cost of bringing ideas from the lab to practical application. The in-
creased focus on specialty chemicals and the creation of new products, requires
more precise control and understanding of physical and chemical properties.
Different computational chemistry techniques will increasingly be used to pro-
vide the knowledge at several levels that influence macroscopic behavior.

The current state is highly influenced by the availability of computer hard-
ware capable of handling highly complex computations which has increased
rapidly over the last decade to support the development and use of advanced
computational software. Computational tools (software packages) available
today are greatly improved from those developed just a few years ago with
new algorithms, new theoretical methods and ability to explore highly parallel
computer systems. This includes both commercial products and software dis-
tributed under the GNU license. The overall time required for generating data
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from computational methods have been reduced. As already mentioned, com-
puter power and better and faster algorithms have decreased the calculation
time. But time spent by the engineer on setting up and analyzing simulations
can be reduced by systematization of these procedures and different software is
need for this task. In the future a major driving force of the chemical industry
is the need to design new materials rationally. Modeling and simulation is a
critical technology for achieving these goals because it can provide the detailed
technical understanding needed to design useful and profitable materials. In
the future, models created by multi-disciplinary teams will be developed more
quickly and will be more indicative of reality. Together with industrial in-
vestments in moderately parallel supercomputers there is a big potential for
molecular modeling techniques and tools for aiding chemical engineers in their
development of new products. However, results of molecular simulations need
to be competitive with those of experiments in terms of accuracy. Also, the use
of molecular simulations is still mostly limited to experts. What is needed is a
method which is accurate and easy-to-use. Also when species of contemporary
complexity are involved. A method also should be possible to use with cheap
and readily software.

In this work a methodology is proposed for generation of excess Gibbs en-
ergy models for binary liquid mixtures. The main aspects is a combination
of Fluctuation Solution Theory (FST) and molecular dynamics (MD) simula-
tions. The practical steps of the methodology are described in the following
chapters. The setup of simulations and the analysis of the results requires only
a basic knowledge of computational chemistry. This makes the methodology
a potentially important tool for chemical engineers in R&D groups who tra-
ditionally do not have expert knowledge of molecular modeling. The cost of
implementing the methodology in R&D departments is very low as only open
source software is applied.

In Chapter 2 an overview of state-of-the-art molecular modeling techniques
is presented. They cover Gibbs Ensemble Monte Carlo (GEMC) simulations,
Gibbs free energy integration and, the software COSMO-RS. The fundamen-
tals of FST are given in Chapter 3 together with the practical steps of how to
combine FST and MD simulations. In Chapter 4 the last steps of the method-
ology is introduced where parameters for GF-models are generated from the
results of the FST analysis of the MD simulation. Chapter 5 shows different
approaches for applying the results of the methodology in vapor-liquid equilib-
rium (VLE) calculations. The MD simulations are based on a mathematical
description of the interaction between atoms within a molecule and in between
molecules, called a force field. In Chapter 6 various approaches for determin-
ing the parameters of a force field are described together with normal concepts
and assumptions in the force field generation. The theory described in pre-
vious chapters are applied in several case studies in Chapter 7 followed by a
conclusion.
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Molecular Modeling

Molecular modeling (MM) is a term which refers to a group of theoretical meth-
ods and computational techniques to model the behavior of molecules. The size
of the molecular systems studied range from small chemical systems to large bi-
ological molecules and material assemblies. Three methods are covered in this
chapter of which two have been established within the area of prediction of ther-
modynamic properties where they have shown top results within the Industrial
Fluid Phase Simulation Challenge (IFPSC) program (Case et al., 2004, 2005).
Two competing GEMC force fields TraPPE-UA and AUA4 are presented in
Section 2.1 after a general introduction to GEMC methods (Panagiotopoulos,
1987; Martin and Siepmann, 1998; Ungerer et al., 2000). The second method
is based upon quantum chemical calculations and is now a commercial soft-
ware package called COSMOtherm (Klamt, 2005). The third method is Gibbs
Free Energy Integration which has shown great potential but also has certain
limitations (Chialvo and Haile, 1987).

After an introduction to the method and a review of some of the published
results, it is the intention to give an unbiased overview of capabilities, use-
fulness, and practical utility from the perspective of a chemical engineer with
some basic insight into molecular modeling.

It has always been discussed if calculated properties from MM should be a
supplement to or substitute of experimental data. Experience has shown that
while MM can generally be used for decisions in the initial design phase of a sep-
aration process, experimental validation is needed before investments are made
in process equipment. The cost of experiments also plays an important role,
however among most multinational chemical companies laboratory facilities
are available and it does not represent any problems to make the experiments.
There are two groups of compounds where MM computations are preferable.
The first group is toxic compounds where special facilities are needed together
with restrictions and constraints on the use of experimental apparatus which
makes the experiments expensive and problematic. The main characteristic of
the second group of compounds is their natural occurrence in dilute form which
makes the expenditures for purification extremely high. When making system-
atic experimental studies the starting point is compounds in their purest form.
Pure component properties can by determined without loosing or polluting the
compound sample. The study of mixture properties however needs larger quan-
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tities which makes experiments expensive especially if several mixtures has to
be covered in the studies. The second compound group covers flavoring agents
and fragrances, but can also cover small active ingredients in pharmaceuticals
and agricultural products, or unwanted byproducts which need to be removed.

2.1 Gibbs Ensemble Monte Carlo

The GEMC methodology basically makes it possible to simulate or sample co-
existing phases and their properties. When two or more phases are in equilib-
rium they have the same temperature and pressure and the chemical potential
of each component is the same in all phases as shown below for a two-phase
System.

T = 1TH (2.1)
pl — plI
pl = plli=1...v (2.3)

The GEMC method makes it possible to achieve the 2 + v equilibrium cri-
teria. In its original formulation the ensemble was divided into two boxes
and considered under NVT-conditions (Panagiotopoulos, 1987). These boxes
are considered to be representing bulk phases of two phases in equilibrium as
shown in the top of Figure 2.1. The two phase chambers are not in any direct
contact but surrounded by mirror images of themselves. As there is no direct
contact, surface tension issues and diffusion through phase boundaries do not
have to be considered. There are three types of moves considered in the GEMC
methodology which are shown in Figure 2.1. The first step is a displacement
of a particle within a phase. The second step type is change in volume, AV,
in volume of one the boxes, which is perfectly correlated with a volume change
in the other box as the total volume is constant (Panagiotopoulos et al., 1988).
This step type is commonly known as volume rearrangement. The third type
of step is interchange of particles, where a randomly selected particle is moved
from one phase to the other.

The first type of step is made to ensure equilibrium within each phase or
simulation box. The second type of step ensures an equilibrium pressure be-
tween the two phases as required by Equation 2.2. The third type of step
ensures equilibrium in the free energy or chemical potential for each compo-
nent between the phases, as shown in Equation 2.3. The equal temperatures
are insured by the ensemble where the temperature is kept constant.

This simple macroscopic explanation of the ensemble was used in the original
article (Panagiotopoulos, 1987). Soon after it was elaborated to explain the
methodology from a statistical point of view (Panagiotopoulos et al., 1988).

The introduction of molecules which could not be simplified to Lennard-Jones
particles introduced new parameters and new challenges. In the initial work
only united atoms models were considered. United atoms is a simplification
where hydrogen atoms are united with the bigger atom to which they are
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Figure 2.1. Scheme showing the basic assumption of the Gibbs Ensemble Monte
Carlo method and the three possible steps (Panagiotopoulos, 1992).

bonded and thereby generating a bead (Laso et al., 1992). This method was
first applied to alkanes of various lengths but later it has been expanded to cyclic
and branched molecules (Wick et al., 2000; Chen et al., 2001). The insertion
or movement of a molecule into a dense phase was in the early work declared
practically impossible (Panagiotopoulos et al., 1988). This is because of the
probability of randomly finding void space to place the molecule (where the void
extends in the randomly selected orientation of the molecule) is very small. But
the Configurational-bias Monte Carlo strategy changed this viewpoint where
the molecule is inserted in a segment manner (Laso et al., 1992; Vlugt et al.,
1992). The method was later modified to handle strongly associating molecules
such as acids and alcohols which have a tendency to form clusters because of
hydrogen bonding (Chen and Siepmann, 2000) and the latest addition enables
simulation of cyclic compounds (Errington and Panagiotopoulos, 1999b; Martin
and Siepmann, 1999; Bourasseau et al., 2002a). The impressive list of advances
is both a strength and weakness of the method. A lot of issues have been dealt
with, which makes it possible to simulate studied compound groups. Yet one
can never be sure, the developed insertion moves can handle a compound group
considered novel with respect to GEMC. The wide range of possible insertion
moves also makes it difficult to setup the simulations where a distribution
or probability of selecting each MC move in the GEMC simulations has to
be given. One will have to conduct extensive analysis of initial simulations
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before the correct distribution of MC moves have been obtained and the actual
simulations can be executed.

The simulation of co-existing phases made it possible to predict a range of new
properties, where the densities of the coexisting phases together with the vapor
pressure curve are the most common. Critical properties are also predicted but
statistical noise, due to the sizes of the system normally simulated, makes it
infeasible to find critical properties directly. They are determined indirectly
using a procedure where the subcritical data is extended using the density
scaling law for the critical temperature, the law of rectilinear diameters for
the critical density, and Clasius-Clapeyron equation for the critical pressure
(Martin and Siepmann, 1999). In the GEMC framework energies of transfer
can be calculated for example the heat of vaporization (Wick et al., 2003). The
numerous properties where predictive capability have been made available is a
major strength of the GEMC method, especially the vapor pressure.

T { T { T { T { T
m
- D DA
| |
o | _
¥ A
O AAA
O AA
X L 0O A J
P A%
A
RN
oL A A
o A A
o D
A A
VD D -
A A
1 l 1 l 1 l 1 l 1
0 0.2 0.4 0.6 0.8 1
X1/Y1

Figure 2.2. Diethyl ether (1) - ethanol (2) at 283.15K comparing phase diagram
predicted using GEMC by Stubbs et al. (2004) (O) with experimental data of
Nagai and Isii (1935) (A).

For multicomponent systems it is possible to make an NPT ensemble where
the volumes of the two boxes vary independently (Smit and Frenkel, 1989).
Stubbs et al. (2004) made binary VLE GEMC simulations for the systems
diethyl ether - ethanol at 283.15 K (Figure 2.2) and acetone - n-hexane at
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328.15K using the TraPPE-UA force field however the results are not partic-
ularly accurate. Later Lopes and Tildesley (1997) have made an expansion to
multiphase equilibria where several subsystems of simulation boxes are used.
A limited number of publications present predictions for binary mixtures of
condensable species where one of the components is not a gas (like CO5) which
could indicate two weaknesses (Potoff et al., 1999; Nath and de Pablo, 2000;
Wick et al., 2000; Stubbs et al., 2001; Chen et al., 2001; Stubbs et al., 2004;
Wick et al., 2005; Kamath et al., 2006). It is difficult, exhaustive and takes
a lot of work and simulation time to generate each data point. The results
are not good possibly because errors of the pure component vapor pressures
propagate to the binary region. An example is shown in Figure 2.2 where the
error in the prediction of pure diethyl ether vapor pressure (at x; = 1) effects
most of the phase diagram as the predicted mixture bubble points are too high.
One can also question the need to include the vapor phase in the simulation
of binary mixtures. At ambient pressures the non-ideality of the vapor phase
is insignificant, which makes the large effort needed for GEMC simulation of
binary mixtures, unnecessary.

The TraPPE-UA and AUA4 work presented below can be categorized as
GEMC force fields because their parameters have been optimized by repro-
duction of pure component thermodynamic properties made accessible by the
GEMC methods. They represent two different approaches of representing the
molecules and also two sets of simulation software. From the view of a third
party academic or industrial researcher it is challenging that a common plat-
form has not been developed where all major contributors to GEMC make their
advances in algorithms and simulation techniques available. A good attempt in
making a common plat has been developed by Martin and Siepmann (1999)*
which will be discussed below.

2.1.1 TraPPE-UA Force Field

Martin and Siepmann (1998, 1999) have developed a force field based on GEMC
method named “Transferable Potentials for Phase Equilibria - United Atom”
which is normally reduced to TraPPE-UA.

The united atom model is characterized by constant bond lengths and the
intramolecular potential is reduced to bond angles and dihedral angles, though
there are a special contribution to describe proximity effects between oxygen
atoms in glycols (Stubbs et al., 2004). The Lennard-Jones potential is used to
describe the van der Waals forces and a simple term to describe interaction due
to charges.

kg
UR) = Zglj 5 (0 00)

+ " coter[l+ cos ()] +ea[l— cos (26)] +cs[1+ cos (39)]
dihedrals

Lhttp:/ /towhee.sourceforge.net
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nonbond

ko is the bond angle force constant, 6 is the bond angle and 6, is its equilib-
rium position. ¢; are the Fourier coefficients of the dihedral or torsional angle
potential and ¢ is the dihedral angle. ¢;; and o;; are the Lennard-Jones well
depth and size, ¢; and ¢; are the partial charges, ¢ is the effective dielectric
constant and 7;; is the distance between beads ¢ and j.

The transferable part of the force field name refers to the objective to transfer
parameters regressed for specific compound class to partially describe parts of
molecules from a different compound class. An example could be 1-pentanol
where the alcohol parameters consists of the hydrogen and hydroxyl oxygen plus
the alpha carbon group to which it is connected. The parameters for the rest
of the beads in the molecule are taken from the alkane description. The pro-
cedure for implementing the transferability is by sequentially optimizing the
parameters starting with alkanes and moving on to for example alkenes and
alcohols in a fashion resembling the way group contribution models like UNI-
FAC were developed (Fredenslund et al., 1975). Martin and Siepmann (1998)
initiated their work with linear alkanes and the database of parameters have
been expanded with branched alkanes (Martin and Siepmann, 1999), aromatic
compounds (Wick et al., 2000), alcohols both primary, secondary and tertiary
(Chen et al., 2001), other oxygen containing compound (Stubbs et al., 2004)
and nitrogen containing compounds (Wick et al., 2005). The large number
of compound groups covered by the TraPPE force field is impressive and the
large effort put into covering many compound groups and atom types makes
TraPPE versatile. The large parameter set available makes it possible to get
good initial estimates of parameters for a new compound group.

The optimization of the parameters for the TraPPE-UA force field can rough-
ly be divided into two parts, intramolecular and intermolecular parameters. In-
tramolecular parameters have, if possible, been taken from published force fields
or have been determined through ab initio calculations (Martin and Siepmann,
1998; Wick et al., 2005). The intermolecular parameters have been optimized
by reproduction of liquid densities and critical properties (critical tempera-
ture, T, critical density, p., and, critical pressure, P.) which were estimated
by extrapolation of subcritical coexisting data as described above.

A great strength of TraPPE-UA is the speed of calculations caused by the
simplified united atom molecular description, however this characteristic has
some shortcomings (Chen and Siepmann, 1999). Among several problems the
most significant is the prediction of too high vapor pressures which result in
too low boiling point temperatures while critical properties are reproduced
correctly (Martin and Siepmann, 1998, 1999). Chen and Siepmann (1999)
developed an Explicit Hydrogen (TraPPE-EH) version of the force field where
hydrogen atoms are included but in a simplified manner reducing the cost of
computations and the vapor pressure problem was reduced.

The greatest strength of TraPPE-UA is the easy accessibility through the
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open source software package, Towhee (Martin and Thompson, 2004). All
the algorithms designed to handle different challenges encountered during the
development of the force field and the GEMC methods are included. Together
with an extensive manual and example directory the combination of TraPPE
and Towhee is the best available option for novices from academia or industry
who wants to initiate MM and GEMC studies.

2.1.2 Anisotropic United Atom Force Field

Ungerer et al. (2000) was like Siepmann et al. interested in the capabilities of
the GEMC method and he based his force field on the work of Toxvaerd (1990,
1997). Toxvaerd (1990) was not satisfied with the alkane simulation results of
united atom (UA) force fields for pressure and heat of vaporization as function
of temperature and density. The all-atom (AA) force fields where all atoms
are considered were dismissed as being too expensive in their computational
evaluation as the number of van der Waals centers would increase by a factor
3. Instead he proposed the anisotropic united atom (AUA) force field where
the van der Waals interaction center is moved from the carbon atom center to
the geometric center of the methylene or methyl groups by a vector R; which
is displayed in Figure 2.3. The position of the interaction center depends on

R;

ri1 rit1

Figure 2.3. Displacement of van der Waals force center in anisotropic force field.
r; are the carbon atom centers.

two carbon centers for the methyl group, R;(7?) and three for the methylene
group, R;(r®). For simplicity the centers of mass of the anisotropic united
atom was kept at the center of the carbon atom. The intramolecular forces is
reduced to bond angle and dihedral angle the bond lengths are kept constant.
The Lennard-Jones potential is used to describe the van der Waals interactions
using Lorenz-Berthelot combining rules.

8
UR) = Z %k‘g (cosf — cos ) + Z Zaj (cos @)

angles dihedrals 7=0

R ()

nonbond
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kg is the bond angle force constant, 6 is the bond angle and 6 is its equilibrium
position. a; are the dihedral angle potential coefficients and ® is the dihedral
angle. ¢;; and 0;; are the Lennard-Jones well depth and size, r;; is the distance
between interaction centers i and j. The torsional potential differs significantly
from other potentials by having a much lower gauche to gauche energy barrier
which permits chain rotations at room temperature (Toxvaerd, 1990). The
bond angle potential differs also from other work though it is still harmonic.
The calculations are accelerated as the inverse cosine does not have to be
calculated which is the case in most force fields (see Eq. 2.4 for TraPPE-UA).

The AUA force field by Ungerer et al., named AUA4, has several character-
istics which makes it superior to force fields like TraPPE-UA when it comes
to computational speed. Even though extra calculations are needed to locate
the L-J interaction centers the calculation time of the intermolecular poten-
tial is not increased significantly as the number of L-J interaction centers is
the same. The mathematical construction of the angle bend and dihedral an-
gle potentials accelerates the calculations as the inverse cosine does not have
to be calculated. The AUA4 has the same advantages as TraPPE-UA when
compared to AA force fields.

Ungerer et al. (2000) formulated an objective function, SSap a4, for deter-
mination of the intermolecular parameters of the AUAA4 force field.

1 n szod _ Xiemp 2
SSavas = - Z ( 5 ) (2.6)

where X;*" is an experimental property which can be liquid density, vapor
pressure or enthalpy of vaporization. X}’wd is the computed value of the ith
property with the estimated statistical uncertainty s?, ideally variance. The
optimization ends when the partial derivative of all m parameters, y;, are zero.

mod
0Savas _ 13~ 2 (X0 - Xi7) R
0y; n 52

i=1 ¢

forj=1...m (2.7)

The approach is normal in optimization of parameters for mathematical models.
The numerical evaluation of derivatives , using forward differences, at each
iteration is a formidable computaional effort (Ungerer et al., 2000). The number
of simulations at each iteration is roughly equal to (1 + m) - (n/3) which is
1 set of evaluations for the parameter set plus m perturbations where each
parameter is modified to get the derivative. Assuming liquid density, vapor
pressure and enthalpy of vaporization can be extracted from each simulation
n/3 simulations have to be performed for each parameter set. Bourasseau et al.
(2003) came up with method for reducing the simulation time by calculating
the derivatives during the normal simulation without increasing the simulation
time significantly. The structured and methodical approach to optimizing all
parameters of a new compound group is a great advantage which saves the
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developer many hours of work. This goes both for analyzing the results and
the number of simulations to be performed.

The AUAA4 force field shows good reproduction of the thermodynamic prop-
erties included in the objective function (Ungerer et al., 2000; Bourasseau et al.,
2002a,b). AUA4 shows great advantages with respect to vapor pressure com-
pared to TraPPE-UA without including additional L-J centers which makes it
superior. Bourasseau et al. (2002a) presented parameters and developments in
the GEMC techniques to simulated cyclic alkanes which has not been covered
by other groups, although cyclohexane has been simulated by Errington and
Panagiotopoulos (1999b) using a similar technique. Bourasseau et al. (2002b)
developed a crank-shaft MC move based on old work by Verdier and Stockmayer
(1962) which makes it possible to model and correctly sample large molecules.

The few simulation results available for binary mixtures covers gas-liquid
mixtures where Henry constants have been determined (Ungerer et al., 2000;
Boutard et al., 2005). Binary vapor-liquid equilibria studies have not published
which makes comparison impossible.

The big drawback of AUA4 and the MC moves and techniques developed
together with it, is the inaccessibility of the simulation software. It is very dif-
ficult to access with academic work in mind and impossible for any commercial
interests because no simulation soft package is not available on the market.

2.2 COSMO-RS

The COSMO framework differs from other contributions to this field of research
by being based upon Quantum Mechanical (QM) calculations (Klamt, 1995).
While the molecule is considered in vacuum in normal QM calculations the
COSMO use continuum solvation models which makes it possible to describe
the molecule under liquid-like conditions (Eckert and Klamt, 2002). The cal-
culated molecule surface is divided into segments of area, a;, with a Screening
Charge Density (SCD), o;, and a probability distribution of the SCD’s, p* (o),
is calculated for compound X. The distributions are called “o-profiles” and
they are the computational demanding part of the COSMO method, but they
only have to be calculated once for each compound.

When a mixture of a certain composition has to be treated the solution o-
profile, ps(c), is found by averaging.

ps(o) = zip*i(o) (2.8)

€S

where z; is the mole fraction of component i. pg(c) is used to iteratively
calculate the chemical potential of the surface segments, ps(o) in the solution.
us (o) is also called the “o-potential”.

ws (o) :—iiln{/ps (o )exp {QRL; (s (0" )—Emisat (0,0 ) —Eup (U,U’)]} da’} (2.9)
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where aqg is the effective contact area between two segments, Frsat(0,0”) de-
scribes the interaction energy which is a result of the misfit between the SCDs,
and Egp(o,0’) describes hydrogen bonding. The o-potential of the solution is
finally used to calculate the chemical potentials, /Jg(?’, of the components in the
solution.

pat = pgis + /pxi(ff)us(a)do (2.10)

where ug's is a combinatorial contribution (Eckert and Klamt, 2002).

The COSMO work is available in a commercial software package named
COSMOtherm. Consequently a lot of details have not been published as they
are company secrets. It can be considered a black box model where the input
is the compound structures and the output is whatever predictions you desire.
There exists many publications describing the application of the work in ar-
eas such as VLE calculations (Klamt and Eckert, 2004), activity coefficients at
infinite dilution (Putnam et al., 2003), LLE, SLE, Henry constants and vapor
pressure (Eckert and Klamt, 2002).

The vapor pressure prediction of the COSMO method are generally unreli-
able both qualitatively and quantitatively (Eckert and Klamt, 2001). When
experimental vapor pressures are applied the binary VLE predictions are gen-
erally less precise than UNIFAC (Eckert and Klamt, 2002), but the results can
be considered good enough for initial design phases. Recent work by Sapei
et al. (submitted) shows weaknesses for mixtures with sulfur containing com-
pounds with respect to v*° and azeotropic properties. Currently there is not
implemented any method for handling systems at elevated pressures and users
of COSMOtherm are forced to assume ideal gas behavior or combine it with
an independent model for auxiliary phases.

The litterature of recent years is rich in articles covering bitter polemics
over the results and potential of the theory behind the COSMOtherm software
(Wang et al., 2006). The ongoing controversy, now longer than the besiege of
Troy, makes it difficult to get an unbiased and justified view of COSMO. Certain
articles tend to advertise rather than evaluate their results (Klamt et al., 2002).
Other articles claim difficulties in reproducing early results published by the
founders, and seem to question every little detail in the early publications. The
only way to explore COSMOtherm in design decisions seems to be by personally
gaining experience through long time use of the software. Thereby getting the
knowledge of weaknesses and strength by trial and error. This is probably the
biggest weakness of the approach.

2.3 Gibbs Free Energy Integration

Haile and Chialvo developed the “Mutiple-Parameter Charging Approach” whe-
re the excess Gibbs free energy is determined for a binary mixture through a
set of isothermal-isobaric (NPT) molecular simulations (Haile, 1986; Chialvo
and Haile, 1987; Chialvo, 1990). This approach is generally recommended for



2.3. Gibbs Free Energy Integration 13

accurate results. The main goal is to determine the excess Gibbs free energy,
GE:

GE = Gz — Gis (2.11)

by integration. G,,;, is the Gibbs energy of the mixture and G, is the free
energy of the ideal solution:

Gie =Y xGP""*+ kT Y w;lnx; (2.12)

G?""° is the Gibbs free energy of pure i. For a binary mixture of compounds
A and B the GF can also be written (Haile, 1986):

GP =wa (G1if: — Ghine a) + 25 (Gt — Gine ) (2.13)
where the residual energies are given by
G™® = G (T, Px) — Gig(T,Px) (2.14)

with G4 being the free energy of an ideal gas mixture at the same conditions
as the mixture with respect to temperature, pressure and composition. G"°*
is related to the partition function function, A¢, of the isothermal-isobaric
ensemble,

NG (24, T,P)) = —kT'In Ac (2.15)

where N is the number of molecules, z 4 is the mole fraction of component A,
T is the temperature and P is the pressure. )\ is the parameter vector with &
members applied in simulations, and A is given by

Ac = C/eXp ( NkT) av/ /exp ( Nk;j A>) orVow (2.16)

where "V and w” are the positions and angle orientations of the molecules. U
is the intermolcular potential function.
The differential of the residual free energy is:

k
res 8GT€S
dG™ =y ( 3y ) d); (2.17)

i=1

combining the expression above it is possible to derive the connection between
dG"** and U can be derived

s 1=/ (0U
daG NZ<<

d\; (2.18)
i=1 O ) N,T,PX\jz; >

where the angle brackets refers to an isothermal-isobaric ensemble average
value:

fexp( LVNOV [ ... [exp ( %) orN owv

(2.19)
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With the equation above the basis of the charging process is available. The
simulation start with pure A or B and through a series of simulations the
parameters of the component not present in the initial simulation is gradually
charged until the parameter vector is equal to the parameter vector of the
mixture. Thereby one retrieves the differences in the residual energies from
Equation 2.13:

k AP
1 ' ou
'r‘e.ls _ Tes — P d>\7 2.20
miz pure A N ;:1 //\;4 < <a)\i ) N,T,P,)\j¢i> ] ( )

k
1 : ou
res __ (res — E d\; 2.21
mix pure B N P //\73 <<a)‘i>N,T,P,)\j#i> ( )

and the Gibbs excess energy can be calculated,

k Amie
i oUu
GE = Za / < ) X
N ; A4 ONi ) NP

k A
rB v 3U
;Y / ( > X (2.22)
N &~ Jy» < O N,T7P7>\j¢i>

To evaluate the equation above one would need to make many simulations,
however G"¢? is a state function and the value of AG"®* is independent of
the path of the integration of Equations 2.20 and 2.21. The shortest path
through the k-dimensional space should be a straight line where the potential
parameters are related through k& — 1 equations

]

AN
2 = /\f_)\i
1 1
NN
G = )\f_)\i
1 1
AN
“ = NTx
1 1

where ¢; = 1 and the f and i superscript is final and initial values of the
parameters. The diffential of G"** becomes

k
1 oU I\
res — . vv 71 d)\
dG N;<<a)\i>N7T7PQ\j¢i> (3)\1) 1
k
1 8U>
- N W cid\y
N Z1 < <a)‘i N,T,P,Aj¢i>

=

k
_dh ouU
= NZ;C’<<3Ai>N,T,p,Aj¢i> (2.23)

2
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Now the simulations have been reduced to two series of integrals, one from pure
A and one from pure B to the mixture as shown in Figure 2.4.

The calculation of G can be expanded to calculation of the excess enthalpy,
HFE | and the excess volume, V¥, (Chialvo, 1990). According to Chialvo and

res __ (Jres res __ (Ires
G G G

| 5| 5

Pure Water Mixture Pure Methanol

O hydrogen Q oxygen ‘ methyl group

Figure 2.4. Visualization of GFEI for mixture of water and methanol.

Haile (1987); Chialvo (1990) the method is precise and secondly the standard
deviation of the predictions is low. H¥ and V¥ can also be determine in the
isothermal-isobaric ensemble by performing simulations of the pure components
and then mixtures. The excess properties are then determined by finding the
difference between the mixture value and the linear combination of the pure
component results. The problem with that approach is the standard deviation
which typically is larger than the excess value because the excess value is a
small difference between two large numbers. This can be avoided by using the
GFEI approach.

The obvious drawback of the method is the multiple simulations needed for
each state point. More challenging is that simulation software has to be able
to sample (OU/OMN) to calculate the average value for Equation 2.23 for non-
trivial force fields. The feature is not implemented in known free or commercial
programs.

But, the major difficulty of the method is the problems when going from
Lennard-Jones particles to real flexible molecules with UA or AA descriptions.
The basic problem is expansion from particles and rigid molecules with similar
topologies to flexible molecule combinations where simplifications can not be
applied. The GFEI have been applied to simple particles (Chialvo and Haile,
1987) and to molecules of same topology (Slusher, 1998, 1999). Figure 2.4
show an example of a UA description applied to a water and methanol mixture
thereby both molecules can be considered as three beads on a string and the
GFEI is possible. The problem is when the topologies are no longer similar,
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for example a water - ethanol mixture, where water consists of three beads as
described before, but ethanol consists of four beads. The GFEI theory does
not allow growing of additional beads. This reduces the application area to
special cases.

If the GFEI method is going to be competitive the theoretical derivation
for handling components of different topology has to be created and a user
friendly software package need to be available which can handle the sampling
of (OU/OM). If precision and standard deviation of the prediction lives up to the
claims, the method can have a future in the set of general molecular modeling
tools applied by chemical engineers.

2.4 Summation

The three methods presented all have different strengths and weaknesses from
the viewpoint of a chemical engineer. It is the author’s opinion that there is
still a lack of a method which is accurate and easy to use. The results should be
obtainable without the user has expert knowledge of setting up and analyzing
simulations. The method should also be available through ready-to-use cheap
software.



3

Fluctuation Solution Theory

The fluctuation solution theory (FST) gives the statistic mechanical connec-
tion between the angle-averaged radial distribution function (RDF) and the
chemical potential, 1, through the grand canonical ensemble, GCE or pVT.

8/14) ( 1 C2 (Gll + GQQ - 2G12) )
-— =kT|— — 3.1
(81’1 TP T 1+ 2169 (Gll + Goo — 2G12) ( )

where G;; is the volume integral of RDF from the grand canonical ensemble.

Gij = /000 (gijT(r) - l) r2dr (3.2)

The theory is known as the statistical mechanical theory of solutions (Kirkwood
and Buff, 1951) and the comprehensive derivation is provided in Appendix
A. The theoretical development was continued by O’Connell (1971a,b), who
derived the key expression applied in this work using the Total Correlation
Function Integrals, TCFIs or H;;’s:

dlny _ roAH
( 6.131 >T,P B 1 +$1£2AH (33)
AH = Hy1+ Hyy —2H15 (34)

The TCFIs can also be determined from a set of properties using a reverse
approach (Ben-Naim, 1977; Matteoli and Lepori, 1984; Wooley and O’Connell,
1991). Wooley and O’Connell (1991) generated a data bank of TCFIs for bi-
nary mixtures using such a reverse approach. Experimental data was applied in
the regression of parameters for various correlations where Redlich/Kister-like
polynomials (Handa and Benson, 1979) were used for densities, p, and partial
molar volumes, V; and the Huang-O’Connell model for isothermal compressibil-
ities, k (Huang and O’Connell, 1987). Finally the NRTL, modified Margules
or Wilson G¥-models from phase equlibria used to calculate activity coefficient
derivatives, (01nv1/0z1)r p (Abbott and van Ness, 1975). The route to TCFIs
was via integrals of the direct correlation function of Ornstein and Zernike, Cj;,

V2 Oln
(1-Cu) = =1 +:c2( 71) (3.6)
T,P

HTRT 3331
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B - AL B dlnvy
(1-cuw) = 202 ( ), (3.7)
pVQz O0lny,
1— = .
( 022) KTRT * i ( 8$2 TP (3 8)

which were then converted to TCFIs by an integrated form of the Ornstein-
Zernike equation (O’Connell, 1971a),

- 1 —22C9 1 Cn—x2 (011022 - 0122)
mo= (pmon) Lo & (3.9)
C
Hy, = % (3.10)
1—2,C 1 Ca— 1 (C11Cos — Cfy)
Hyp = [—21 _q) == 11
22 ( D > . D (3.11)
D = (1 — 1‘1611) (1 — .’132022) — .’1711‘20122 (3.12)

Through the reverse approach it is possible to evaluate the individual TCFI’s
(Hy1, Hi2 or, Hyy) when studying a binary system which will be applied in
most of the case studies in Chapter 7. In the rest of the thesis (01ln~; /0x1)r.p
is simplified to d1n~; /dx;.

3.1 Practical Fluctuation Solution Theory

Previous simulation work suggests that FST analysis of simulation results can
provide quantitative information concerning the thermodynamics of solutions
(Matteoli and Mansoori, 1990; Weerasinghe and Smith, 2003). In this chapter
the practical approach for generation of TCFIs is presented where the basic
element is isothermal-isobaric molecular dynamic (NPT-MD) simulations of
liquid mixtures at different mixing ratios. The NPT ensemble is preferred
rather than the grand canonical ensemble since it is more convenient in MD
simulations. Also the problems with respect to insertion moves are avoided.
The details are described in section 3.2 together with a short introduction to
MD simulations and its opportunities and restrictions. The radial distribution
functions are the product of the simulations and in Section 3.3 the treatment
of the RDF and their integration to get TCFIs is described

3.2 MD simulations

Molecular dynamics is computer simulations where atoms or molecules interact
using Newtonian mechanics and integrating over time (Haile, 1997). By sam-
pling the simulations it is possible to get a time average of the properties of
interest. In our case the most interesting properties are the molecule positions
and the volume. The Newtonian mechanics are represented by a force field
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which in this work is the all-atom CHARMM described later in detail. An
AA description was selected because it has been assumed that a simpler UA
description would affect the RDF. The application of a AA force field increases
the requirements for the software and computer power.The NAMD software
package of Kalé et al. (1999) was taken into use on the cluster Horseshue of the
Danish Center for Scientific Computing at the University of Southern Denmark.
NAMD has several advantages which includes the ability to exploit multiproces-
sor computers and multiple computers in a cluster to speed up calculations. Of
similar importance, it was developed and optimized for MD simulation apply-
ing the CHARMM force field. Periodic boundary conditions were imposed, and
the time step used in the integration was 1fs. A cut-off distance of 12A was
applied together with a switching function at 10A. The particle-mesh-Ewald
(PME) algorithm was used to calculate long-range electrostatic forces Kalé
et al. (1999).

The starting configuration was built from the equilibrium configuration of a
single molecule. The simulation box was divided into a simple grid and the
molecule templates were inserted at the grid points in accordance with the
desired composition. System sizes of 512 and 1000 molecules have been used.
Two steps were used for equilibrating the system. Firstly, the system is relaxed
by a steepest descent method to eliminate atomic overlaps in the initial setup
of the system. This process was terminated when the system potential energy
became essentially constant. Secondly, the NPT simulations (pressure of 1 atm
and a temperature equal to the experimental value) were started and ran for
500ps. The criterion for terminating at this stage was that there was negligible
variation in the radial pair distribution functions. Then the production period
was started. Its length varied somewhat with the composition. In most cases,
3-4 production periods of 5-6 ns were used to obtain average and variance of
TCFIs.

3.2.1 Force Field

The all-atom CHARMM force field has mainly been applied in the study of
biomolecules (A. D. MacKerell et al., 1998; A. D. MacKerell and Banavali,
2000), however Liu et al. (2004) use it for two halogenated compounds, halo-
ethane and hexafluoroethane, and Chen et al. (2002) studied fluoro ethanes.
The force field is characterized by harmonic potentials for flexible bonds, a
Urey-Bradley (UB) term for 1-3 interactions and a Lennard-Jones term for 1-4
interactions and other non-bonded interactions in general. The UB term was
applied consistently and in special cases a modified parameter set was used
for 1-4 L-J interactions (A. D. MacKerell et al., 1998). Coulombic forces are
included using charges positioned at the centers of mass of the atoms where
interactions are included for atoms separated by three or more bonds. The
general form of the potential is given by:

UR) = Y Kyb—b)’+ Y Ke(0—00)>+> Kup(S—So)

bonds angles UB
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+ Z K, (14 cos (nx —9)) + Z KW(SO—SOO)z

dihedrals impropers

n Z (Q‘j (Rmimij)lQ _o (Rmimij)ﬁ
nonbond Tij Tij

where K3, Kyp, Ko, K, and K, are the bond, Urey-Bradley, angle, dihedral
angle, and improper dihedral angle force constants, respectively; b, S, 8, x, and
@ are the bond length, Urey-Bradley 1,3-distance, bond angle, dihedral angle,
and improper torsion angle, respectively, and the subscript zero represents
equilibrium values for the individual terms. n is the symmetric number number
and 0 is the phase shift. ¢;; is the Lennard-Jones well depth and R, i; is the
distance at the minimum of the Lennard-Jones potential. The unlike Lennard-
Jones parameters are calculated with Lorentz-Berthelot combining rules. ¢;
is the atomic partial charge, €; is the effective dielectric constant and r;; is
the distance between atoms 7 and j. The dielectric constant is set to one
in all calculations, corresponding to the permittivity of vacuum (Foloppe and
Mackerell, 2000). The parameter tables for the different systems are listed in
Appendix C.

The setup of input files for the simulations are straightforward and only basic
knowledge of MD simulations are needed to before a novice can start making
MD simulations. This easy accessibility of MD is quit opposite to advanced
forms of MC like GEMC and GCMC, where one can fear improper sampling
of the system caused by incorrect sampling of the configurational space as
mentioned in Section 2.1.

+ qi%) (3.13)

€175

3.2.2 MD versus MC

The reasons for selection of MD over MC needs to be established. Mainly be-
cause the time integration in MD is computationally expensive compared to the
random moves in MC simulation. When only equilibrium or thermodynamic
properties, A, are studied the ergodic hypothesis states that the statistical
average of MC simulation is equal to the time average of MD simulation.

<A>MC = <A>MD (3.14)

Therefore the results of comparative studies should be the same. From this sim-
plified point of view one should choose MC over MD, but several challenges are
introduced when AA force fields are applied, even to small organic molecules,
for example n-hexane or benzene.

In section 2.1 it was described how it initially was impossible to partially or
completely move a UA molecule into a dense phase (Panagiotopoulos et al.,
1988). The problem was solved by the Configurational-bias Monte Carlo strat-
egy (Laso et al., 1992; Vlugt et al., 1992; Martin and Siepmann, 1999). However
the CBMC strategy was developed for AU force fields where bond length dis-
tributions are not taken into consideration and more importantly the hydrogen
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atoms not included. Martin and Frischknecht (2006) have recently developed
a new formulation of configurational-bias Monte Carlo strategy which aims
at improved sampling of the intramolecular configurational phase space. The
problem still remains that even if the best trial state is selected for insertion
of parts or a complete molecule the chance of the insertion is the product of
chances of each bond length, bond angle, dihedral angle and so forth which
makes correct sampling of the configurational space challenging when applying
an A A force field description. Consequently very long equilibration and produc-
tion periods are needed. This problem is not encountered in MD simulations
where the configurational space is automatically correctly covered through the
time integration of the Newton equations.

The development of software has also limited the advantages of MC over MD
with software packages like NAMD (Kalé et al., 1999). NAMD has the ability
to run on parallel computers in a cluster and multiple cpu’s with multiple
cores on each node or computer in the cluster. These impressive characteristics
makes it possible to simulate large system with AA descriptions at a reasonable
time scale. Because of the nature of MC it is not possible to explore the power
of multiple computers in a cluster but the Towhee! software package has the
capability of exploiting a computer with multiple cpu’s like dual pentium. With
system sizes of 512 or 1000 molecules the MC simulations on a new desktop
computer would take weeks for each composition while the MD simulations
could be finished within 7-10 days on a cluster depending on the capacity
available.

3.3 RDF from Simulation and their Integration;
3 Methods

After positions of the molecules have been sampled in the MD simulations the
radial distribution functions, g*7 (r), can be determined and integrated to

ij
retrieve the TCFIs.
Hyj = 47Tp/ 2 (NPT (r) — 1) dr (3.15)
0

The integral in Equation (3.15), has a finite upper limit, 7,,,,. The treatment
of this can be complicated by the limited range, set by the simulation box,
for which we may simulate g;;(r), and the slow convergence of g;;(r) toward
the limiting value of unity. The maximum distance, 7., equals half the
side length of the simulation box, Ly,,. Theoretically, g;;(r) — 1 goes to zero
when r goes to infinity. However, because the integral is evaluated numerically,
convergence requires that g;;(r)—1 goes faster to zero than r? goes to infinity. If
not, the integral diverges. Occasionally, this can create problems. For example,
convergence of g;;(r) may not be attained at r = r,4,. The deviation of

Lhttp://towhee.sourceforge.net
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g5 (r) from unity may be about 0.1 — 0.2% or less. Yet, this magnifies in the
TCFI because of the 72 factor in the integrand, as illustrated in Figure 3.1
for the ethanol-ethanol RDF for the benzene-ethanol system which is treated
later in Section 7.3. The solid line in Figure 3.1(a) is g22(r) which visually
does not deviate from unity near r,,,,. However, the divergence is clearly
seen on Figure 3.1(b) starting at » ~ 15A where a local maximum in the
integrand, dGos, has a negative value. To overcome these difficulties three
levels of approximation have been considered. The first approach (Method 1) is

15
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Figure 3.1. Effect of divergence of g;;(r) at longer distances. x; = 0.5, where 1:
benzene and 2: ethanol. Solid line represents Method 1. Dashed line is a fit using
Equation (3.21) with Method 3.

simply to stop integration when a sub unity maximum or above unity minimum
in g;;(r) is encountered thereby reducing r.,... This gives an approximate
H;; value. The determination of the reduced value of r,,q, has proven to
be a challenge because the RDF can be influenced by less perfect sampling
at large distance close to the simulation box length. Consequently a simple
but robust algorithm has been developed and implemented to find possible
divergence and to thoroughly test the RDF in the vicinity of the detected
divergence to ensure its correctness. Method 2 is to increase the size of the
system simulated and redo the simulations. Literature provides examples of
this (Weerasinghe and Smith, 2003), although it increases the simulation time
significantly. In the case study of benzene - methyl acetate (Sec. 7.1) the system
size was increased from 512 to 1000 molecules and the integrand from this
system still diverge when approaching the half simulation box length. However
as the box size has been increased the distance of divergence has also been
increased, r}%%9 > r212 " which increases the precision of H;;. Method 3 uses
some expression to reproduce the RDF which approaches unity faster than r?
goes to infinity. The methods have been summarized below.
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1. Set 7,4z as the limit where RDF starts to diverge.
2. Increase number of molecules and repeat simulations.
3. Expression to reproduce RDF which guarantees convergence.

In the literature examples can be found of expressions applied for reproduc-
tion of the RDF. Matteoli and Mansoori (1995) proposed an expression for
reproducing the RDF of mainly pure Lennard-Jones fluids which also included
an extension to binary mixtures. The expression contains two equations, one
to represent the behavior before the maximum of the first peak and a second
equation to represent the rest. It is assumed that the RDF is continuous and
the first maximum occur at the contact distance, d. d is given by d = ho,
where o is the distance parameter of the Lennard-Jones potential and & is an
adjustable parameter near unity.

1+y " (g(d) —1=2A)
g(y) =+ exp(—aly—1)cos(Bly—1)) m>1,y>1  (3.16)
g(d) exp (—0(y —1)*) y<1

The reduced radius, y, is used to represent the distance which is given by
y = r/d. The adjustable parameters are h = d/o, m, A\, a, 3, 0 and g(d) which
is the height of the first peak. The function also assumes that the first positive
peak is the maximum as the function is a decay with respect to the radius. The
expression (Eq. 3.16) can be modified to make it applicable to binary mixtures.
The contact distances, 04 and o 4, are independent of mole fraction (3.17), but
they vary among ga 4, gap and gpp and the three h;;’s describe the difference.

oa+op

d= hi; ="

(3.17)
A new dependent variable, Aryy, is introduced (3.18) which the distance be-
tween a local maximum and the subsequent local maximum.

Arys :h(XVAUAJrXVBJB) (3.18)
where Xy; is the volume fraction which given by:

oni

Xy = (3.19)

T Aoi +Tp O’%
With the equations above it is possible to expand the expression for the reduced
radius, y.

L r<d
y = { ’l"*dﬁﬂiATM r > d (3.20)
Arag =

With the set of equations above it should be possible to represent g;; for all
compositions. However, the procedure presented by Matteoli and Mansoori
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(1995) has a number of disadvantages and limitations. From a mathematical
point of view the expression becomes quite complex and from numerical point
of view it becomes difficult to determine the adjustable parameters even when
good initial estimates are available.

A RDF can be divided into two parts, direct and indirect interaction, where
the direct or first part describes the interactions of a molecule and the mole-
cules next to it which are bumping into each other. The direct interaction
part starts at » = 0 and goes onto the third unity of g(r) (see Figure 3.1.a).
The indirect part of g(r) is everything beyond the third unity where there is
no direct interaction between the molecules. The expression of Matteoli and
Mansoori (1995) includes only a single peak for the direct interaction part of
the RDF which is acceptable for L-J fluids. However, the direct interaction
part can become a combination of several peaks when describing real liquids
which is seen in Figure 3.1.a for ethanol. As a consequence, the procedure of
Matteoli and Mansoori (1995) can not be employed in its current form, without
fundamentally new developments.

The direct interaction part of the RDFs from MD simulations were considered
to be correct as convergence problems start at larger distances. The numerical
integration of the direct interaction part of the RDF was considered correct,
thereby only the indirect interaction part of the RDF has to be reproduced by
the expression.

The idea of combining a declining exponential and a wave function to repro-
duce the the indirect interaction part of the RDF is valid for real molecules
as they at longer distances behave like hard spheres, but the complicated con-
struction of the expression by Matteoli and Mansoori (1995) made it impossible
to apply. A simple expression has been developed to reproduce the indirect in-
teraction part:

gz’.:;ld"ec"'(r) =1+ aexp (b(r —¢))sin (d(r — €)) (3.21)

The 5 parameters are determined by regression where the objective is to repro-
duce g;;(r) from the third unity, r,s, until either r,,,, or the distance where
gij(r) diverges. An example is shown in Figure 3.1 where the dashed curve is
the result of such a regression. When applying the expression it is possible to
integrate the g/74"¢“" until rp,4,. But it is also possible to extrapolate using
the expression from 7,,,,, to radius, r,., where there is no longer any contribu-
tion to the TCFI. The contribution to H;; from integration from ry,,, to 7y is
viewed as a long distance correction term, Hfjd, and practically this approach
enables integration from zero to infinity. The final form for TCFIs has three
contributions. The direct interaction part of the RDF is integrated numerically
giving first contribution, H, {ij"“t. The second contribution is the integration of
Equation 3.21 from the start of the indirect interaction part of the RDF (third
unity) to the maximum distance determined by the box size, Hf’fm, and the
final term is the long distance correction term, Hfjd

direc ox
Hyj = H{™ + H)?" + H}f (3.22)
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The statistical uncertainty of the contribution from the direct interaction part
of the RDFs, Hfé-"“t, was negligible. The typically standard deviation of
H%”“’Ct is in the range of 0.01, but the standard deviation like-like direct in-
tegral, o pairect, is composition dependent. ojrairec: ranges from 0.001 at high
concentrations of i to 0.2 at dilute concentrations. O oo from the correlation
(Eq. 3.21) is averagely a factor 5 to 10 lower than oHidj;Tect. The long distance
contribution, H|{, is the smallest of the three contribution and insignificant in
size. H|{ is generally smaller than the standard deviation of the TCFI, H,j,
and it makes up for 1 — 3% of the TCFI. There are examples where the Hfg-”“t
and H}?" almost cancel out each other, thereby H!¢ makes up for a relative
big part of the TCFI, however this does not change the overall result which is
a derivative, 01n~y; /Jz1, close to zero.

In some special cases it is not possible to use Method 3 due to the shape of
95 (r). In these cases Methods 1 or 2 should be applied. In general Method 1
has been preferred in this work.
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Generation of G -model
Parameters

The next step in the procedure is to explore the information about the macro-
scopic behavior of the mixtures to generate a descriptive model covering the
whole composition range. One could integrate the derivatives of the activity
coefficients to get the activity coefficient curves as function of composition,
however the number of compositions needed to be simulated would be enor-
mous. Instead a small set of compositions are simulated and a GE-correlation
is used to reproduce the derivatives gained from the simulations. This formu-
lation uses the Lewis/Randall pure-component standard state. Note that the
original treatment of Kirkwood and Buff (1951) used the Henry’s Law standard
state, whereas a later development by O’Connell (1971a) allowed a choice of
standard state. A likely advantage of building activity coefficient models from
derivatives is that the ultimate properties are less sensitive to errors in the
basic model.

The modified Margules model has been chosen in this work (Abbott and van
Ness, 1975),

G¥ Q120021172
———— = A1z + Aoz —
RTx 2 Q1271 + Q21T2 + NT1T2

(4.1)

The expression is used in three forms: The simplest form is sufficient for nearly
ideal systems and only includes A5 and As;. For non-ideal systems extension
to either 4 parameters (A;;’s and «;;’s) or all 5 parameters is normal.

4.1 Optimization and Objective Functions

The model parameters for the simulations were determined by minimizing an
objective function. In the most of the Ph.D. work a simple objective function,
S5, was applied (Christensen et al., 2007, in pressb),

2
B Jdlnyy B Oln~y
551 = Z l( Oxq )MD,i ( Oxq )mM,i‘| (4.2)

7
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Subscript M D denotes results obtained from FST analysis of MD results (Eq.
3.3). mM denotes derivatives calculated by the modified Margules model us-
ing the adjustable parameters which is obtained by taking the derivative of
Equation 4.1 with respect to x; twice. The summation is over all simulated
compositions with one term for each production period.

Uncertainties are typically encountered when one component is diluted, giv-
ing a less reliable like-like RDF. This phenomenon is particularly pronounced
for systems close to ideal behavior when AH is small and sensitive to variances
of H;;’s. A new objective function, 5SS, has been investigated to overcome the
difficulties (Christensen et al., in pressa),

2
[(mm)‘“’g ~ (o)
921 ) arpi 91 ) i
SS, = ’ : 4.3
2 Z 0_2 (81n'\/1) ( )
MD

2 i 65;1

where the superscript avg denotes the average derivative at composition ¢ over
the production periods. o7 is the variance of derivative from the MD simula-
tions. The result of MD simulations is not the derivative,

(2m)™ oy (HYY 4 HYYY — 2H3)

= av av av 4'4
Ox1 ) yp L+ zyzo (HYY? + Hyy? — 2H7,) 4

but the TCFI’s and their averages and variances. The variance of the derivative

2 2
Jdlny b Jdlnyy Jdlny
aln’}/l a( oz ) ( o0z ) ( oxq )
2 _ 2 2 (A7 2 1l——21 45
"1( 11 )MD i\ om0 Tom, ) Tt “am, | (4P

is a combination of the variances of the TCFIs. In this way, results with an
uncertain (0ln~,/0x1),, p.; has less weight, and thereby less relative impact
on the objective function, 555, compared to SS;. The U%{m ’s are output from
the analysis of the MD simulations and the derivatives with respect to H;;’s
are obtained by deriving Equation 3.3.

Oln

0 ( O ) = 2 (4.6)
aHll (1 —|—I1I2AH)2
Oln
a}112 (1 +£C1£L'2AH)2
Olny;

3( e ) _ —Ig (4.8)
8H22 (]. +$1£L’2AH)2

The traditional optimization procedure Abbott and van Ness (1975) has 3 steps
where an initial optimization only includes 2 parameters (A2 and Agq). This is
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followed by a 4- parameter optimization adjusting A5, As1, a2 and aso;. If the
goodness-of-fit increases sufficiently, the 4 parameter set is temporarily chosen.
A final 5-parameter minimization is made adjusting also 7. If again goodness-
of-fit increases the 5 parameter set is selected. A more systematic procedure
uses the parameter variances resulting from minimizing SS; or SS3. From
each minimization an estimate can be made of the variance of the resulting
parameters.

A good indication of choosing a simpler modified Margules expression is when
the order magnitude of one or more o,,’s resembles that of the a;’s. Even
though the value of the objective function may increase slightly, the simpler
expression should be chosen for the final parameter set.

4.2 Variance of Parameters

The variances of the parameters a, Ugj, are calculated from the variance-

covariance matrix of the underlying minimization problem.

4.2.1 General Newton-Raphson method

For solving non-linear minimization problems a general approach has been pro-
posed called the Newton-Raphson method. The starting point of explaining the
basic method is the objective function which is a squared sum of residuals and
two examples are applied in this work (Equations 4.2 and 4.3). The objective
function, SS, can be on given two forms:

SS = Y r}

where r; are the individual residuals in the residual vector, r, where the length
is the number of residuals, m. The gradient of the objective function, VS5,
with respect to the parameters are given by:

[ dSS 7
da
dss
dag

VSS = | yig (4.9)

dss
dan,

where a; are the parameters of the parameter vector a which has n members.
The second derivatives of the objective function, V2SS, with respect to the
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parameters is called the Hessian matrix, H:

d?ss d*’ss .. _d*Ss
daf daydas daiday,
d*ss d’ss .. _d*SsS
dasda da? dasday,
ViSS=H = e “ : (4.10)
d?ss d’ss .. d?Ss
danday dandas da?

Two criteria must be satisfied before a local minimum has been found. First
the gradient must only contain zeros which is the reason why the method is
also called zeroing the gradient. Second the Hessian matrix is positive definite.
The second criterion means that the solution in fact is a local minimum. An
example where the first criteria is satisfied but not the second is in the case of
a saddle point.

There are 3 basic steps in each iteration when solving a minimization using
the general Newton-Raphson method:

1. Evaluate the gradient V.S (a’) and the Hessian matrix H (a*).

2. Solve linear system H (a’) s’ = —VSS (a’). Where s’ is the change in
the parameters to obtain the zero gradient at iteration .

3. Calculate new estimated solution a’t! = a’ + st.

The general approach can be inefficient, especially when the initial estimate of
the solution is bad.

4.2.2 Marquardt Method

The Marquardt method is an elegant algorithm which varies between the ex-
tremes of the inverse Hessian matrix (described above) and the steepest descent
method. The method is very practical in the minimization of sum of squares for
non-linear systems. The essential part of the algorithm is the damping factor,
A, which corrects the diagonal of the Hessian matrix. An inner loop is included
in the Newton-Raphson algorithm where the damping factor is varied linearly
to find the best s’ at a’ to give the lowest value of the objective function. The
inner loop consists of the following steps:

1. Calculate SS(a?).

2. Pick initial modest value of A, for example A\ = 0.001

3. Solve equation system to find s’, and calculate SS(a’ + s?).
4

. If SS(a’+s') > SS(a’) increase A by a factor, for example 10, and repeat
step 3. Elseif SS(a’ + s?) < SS(a?) decrease \ and repeat step 3.

The inner loop is continued until the A giving the lowest SS(a’ + s?) is found.

Both the general Newton-Raphson and the Marquardt method need the sec-
ond derivatives for the Hessian matrix which are very comprehensive if not
impossible to derive and calculate in many cases.
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4.2.3 Modified Marquardt Method

The optimization algorithm applied is called the modified Marquardt method
which is not as computationally heavy as the previously algorithms. The main
reduction is made by introducing an approximate Hessian matrix where the
second derivative of the residuals are not calculated. Another computational
reduction is made in the inner loop where an expected change of the objective
function is applied. To understand the changes the best starting point is the
gradient of the objective function, VSS, where each element, [ is given by:

dss

VSsS, = da,

= 2 dri (4.11)

The gradient can also be given in matrix form where dr; /da,, are put in a nxm
Jacobian matrix, J.

VSS = 2Jr (4.12)

The elements of the Hessian matrix are given by:
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where A is an element in the approximate Hessian matrix, A, which is applied
in the modified Marquardt method instead of the real Hessian matrix (Eq.
4.10). A is calculated using the Jacobian matrix:

A =337 (4.14)

By applying A instead of H the number of calculations is reduced considerably
and the need for taking second derivatives of r; (d*r;/da;day) is eliminated. In
the modified Marquardt algorithm the change in the parameters, s, is deter-
mined by solving the system:

(A"+XD)s’ = -VSS (4.15)
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D is a diagonal matrix where the elements are either equal to the diagonal
elements of A or a unit matrix. In the inner loop, where )\ is determined, an
expected change in the objective function, D@, is introduced.

DQ = (2VSS+ (A" +AD)s") s’ (4.16)

which is applied instead of actually solving H (a’,\) s’ = —V.5S (a’) and calcu-
lating the objective function with the new parameter set for the each A-value.
DQ@ is obviously less precise than the ordinary Marquardt method but the
number of calculations is greatly reduced, especially in cases with many data
point/residuals and parameters.

4.2.4 Co-variance Matrix and uncertainties

The variance-covariance matrix, C, is found from the approximate Hessian
matrix of the final parameter set.

C=c*AAT)! (4.17)

An estimator for o2 is SS/(m — n), where SS finanl value of the objective
function. The diagonal elements of C give the variances of a.

0'3_ = ij (418)

J

The variances of the parameters, o2 , are converted to standard deviations,

04, listed in the parameter tables in the different case studies.
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Prediction of Bubble Point
Pressure

The modified Margules description generated by the FST methodology is ap-
plied in prediction of isothermal bubble point pressure curve of the binary
mixture simulated. The G®-model describes the non-ideality of the liquid mix-
ture and a Poynting factor can be implemented to handle possible pressure
dependence. The vapor phase behavior has not been characterized or analyzed
through simulations. In this chapter several approaches for handling non-ideal
behavior in vapor phase is considered. The vapor phase can be treated as
either an ideal gas, ideal solution or real solution. The simplest approach is
to assume ideality of the vapor phase however this is only reliable at low and
ambient pressures. Ideal solution can be sufficient at elevated pressures when
the unlike interactions can be assumed to be an average of the like-like inter-
actions. If this assumption is not sufficient the vapor phase can be treated as
a real solution using some equation of state.

The pressure predictions are the evaluation of the FST methodology pre-
sented in this thesis. A simple score is applied to evaluate each system which
gives an average relative error of the pressure predictions

SCORE = 2 f:

n
i=1

Pezp - Pcalc

Pon (5.1)

where n is the number of experimental data points, P.., is the experimental
pressure and P, is the calculated pressure. The score tables can be viewed
in the different case studies in chapter 7.

Another important subject is the uncertainty of the pressure predictions
which are determined by combining the rule of error propagation and the un-
certainties of the model parameters from the previously chapter.

5.1 Treatment of the Vapor Phase

The objective is to solve the equations of equal fugacity for vapor-liquid equi-
libria,

yi P®; = 2, PP i = 1,2 (5.2)
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where y; is the mole fraction in the vapor phase, P is the pressure, x; is the
mole fraction in the liquid phase, v; is the activity coefficient, P! is the pure
component vapor pressure at the specified temperature and ®; is the fugacity
factor giving by:

éi

o, = 2
P PF;

(5.3)
dA)Z- is fugacity coefficient in the vapor phase, ¢ is the pure component fugacity
coefficient at the saturation point, (T,P7"), and PF; is the Poynting factor
which can be approximated by

B V;sat (P _ Pisat)
B RT

when assuming the molar volume of the liquid phase, V;**!, is independent of
pressure.

At pressures above atmospheric, the vapor phase of systems such as these will
involve deviations from the ideal gas law. The virial equation terminated at the
second coefficient is a convenient and sufficiently accurate method for conditions
up to a density of about one-half that of the critical. Suitable thermodynamic
manipulation of this equation of state yields the vapor phase fugacity coeflicient
in terms of T, P, mole fraction, and pure and cross virial coefficients. Since
the accuracy of the fugacity and compressibility are about the same for the
pressure-explicit and density-explicit virial equations truncated at the second
virial coefficient (Hayden and O’Connell, 1975) the most convenient form of
the virial equation is:

PF, (5.4)

PV BP

V' is the molar volume and, in a mixture of 2 components
2 2
i=1 j=1

B;; is the second virial coefficient characterizing pair interactions between com-
ponents i and j. The vapor fugacity coefficient is expressed

2
A P
Ing; = 2 E iB;i — B | =— .
no p Y;jDij RT (5 7)
P
For the saturated vapor,
B;; P?*t
In ot = 2 (5.10)

! RT
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When all contributions are taken into account the fugacity factor becomes,

B — sat P—met 1— N2 P
@:exp{< i — 03 (P = P2t + (1— ) 61 }

5.11
however it may not always be possible or necessary. Typically ideal solution
treatment is applied at elevated pressures (d12 = 0) and Poynting correction is
assumed unnecessary (PF; = 1).

o7 Bii (P — P*)
P, = e = exp — amr (5.12)
In the cases of real and ideal solution P and y; is calculated iteratively using:
2
ziyi PP

P = _— 1

; . (5.13)
T Psat

= 71;115 (5.14)

When assuming ideal gas phase, (®; = 1), the pressure and vapor phase com-
position is determined by:

P = xl,ylplsat + {L‘2’72P2sat (515)
T Psat
Y= 717;3 ! (5.16)

The pure component second virial coefficients can be found in literature (Dy-
mond and Smith, 1980) though access to data can be difficult for gasses or
solvents not commonly used in the chemical industry. The search becomes
almost impossible when looking for cross virial coefficients, By2. There exists
several methods for predictions of the second virial coefficient. One of the
most accessible methods is the Pitzer Correlations where the critical temper-
ature and pressure together with the acentric factor are needed (Smith et al.,
2005). Here we use the method of Hayden and O’Connell (1975) as a guide
to realistic virial coefficients. The method only uses critical properties and
molecular parameters, all of which may usually be estimated from molecular
structure to the required accuracy.

5.2 Uncertainty Calculations

The uncertainty of the calculated pressures, op, and vapor composition, oy, ,
are calculated using the law of error propagation,

n BP 2
0'123 = Z (8(1/) 0'(21.7, (517)
g=1 27
2 - Zn: TR (5.18)
CTy1 = : 8&7' O’aj .

Jj=1
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where a; denotes any parameter applied in the calculations. The presented
version of the rule of error propagation assumes the parameters are independent
of each other which is not always the case for the modified Margules model. The
covariance could be avoided completely by applying an orthogonal polynomial
instead of the modified Margules model as G¥-model (Klaus and Van Ness,
1967). We have not done that here, so our uncertainties or error bars are
approximations only.

From the modified Margules model 2, 4 or 5 terms are contributed where o2
has been estimated using the approach described in Section 4.2. If ideal or real
solution treatment of the vapor phase is applied additional 2 or 3 contributions
are included. The uncertainty of any second virial coefficient is difficult to esti-
mate as experimental uncertainties are commonly not available (Dymond and
Smith, 1980). The predictive method by Hayden and O’Connell (1975) gives
average root-mean-square (RMS) deviations for different compound groups and
also average RMS deviations for the cross second virial coefficient between dif-
ferent types of compound groups. The data from Hayden is used as rough
estimates for the uncertainties however they have the weakness of being based
on a small data set. The challenges are not problematic at the end because the
derivatives in Equations 5.17 and 5.18 with respect to the second virial coeffi-
cients are generally small and their contributions are insignificant compared to
those of the GF¥-model.

The derivatives of P and y; with respect to parameters are extracted from
the bubble point calculations, which is equivalent to solving:

0 _ Afl _ ylP(I)l — Pf‘”'yl:cl (5 19)
0 Afo Y2 PPy — Ps* oy '

with respect to P and y; with all parameters, a, constant, whence

DEEARE 7ot raea

aAf aAf OAF ’ (5.20)
0 dA fo 2dP+ ayfdyl—kzj 1 8a2d

For each parameter j the partial parameter derivatives of P and y; can be
determined from

g)P anfs  oAf, 1L 9An
o 9
o | = | An oA R (5.21)

da; oP Jy1 Oa;

OAf;/0a; are derived from Equation 5.19 and the expressions used for calcula-
tion of ®; and ~;. The method has been applied in all case studies to calculate
error bars for xP- and xy-plots.
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Optimization of Parameters
for Force Field Descriptions

The problem of missing parameters is frequently encountered in mathematical
modeling of chemical systems. For GF-models like UNIFAC an extensive vol-
ume of binary experimental data is required for extensions of the parameter
matrix. The situation is less problematic in the area of molecular modeling.
The force field parameters can be optimized by reproducing a combination of
ab initio calculations and pure component properties which makes it possible
to extend simulations to new compounds and compound groups without the
need of binary mixture data. Apart from a minimum of experimental data, a
computational chemistry program and simulation time are needed.

In section 2.1 it was briefly described how Siepmann et al. and Ungerer
et al. determined the parameters for their respective force fields. One could
say that there exists as many approaches to optimization of parameters as
the number of force fields, but some guide lines exists for determination of
new parameters. Three examples of force field potentials have been presented
already. These are the TraPPE-UA potential (Eq. 2.4 on pages 8), the AUA
potential (Eq. 2.5 on pages 9), and the CHARMM potential (Eq. 3.13 on pages
20). The force field potential can roughly be resolved into parts describing inter-
and intramolecular phenomena. A general overview is given of the different
approaches for determining both parts below and finally the simple parameter
optimization approach applied in this work is described.

6.1 Determination of Intramolecular Potential

The intramolecular potential is a simplified descriptions of intramolecular forces
within a single molecule. In most force fields quantum mechanical ab initio cal-
culations are reproduced in the optimization of the force field. In the quantum
mechanical calculations the equilibrium structure and energy of the molecule
are determined using the Schédinger equation (McQuarrie, 2000). This is fol-
lowed by a series of calculations where a specific characteristic feature is mod-
ified and constrained and the structure with the lowest energy is determined
again. A classical example is n-butane where conformational energy of the
C-C-C-C dihedral angle is determined by constraining or fixing the angle and
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calculating the energy of the molecule (for example Smith and Jaffe (1996)).

The output combinations of coordinates and energies are then to be repro-
duced by the force field potential. As shown in the examples listed above
there are many possible contributions and mathematical expressions for each
contribution. The basics are the bond angle and dihedral angle terms. The
harmonic bond stretch potential is typically left out of the force fields devel-
oped for Monte Carlo simulations where united atom types descriptions are
applied. The CHARMM force field is special by also including the 1-3 Urey-
Bradley term (A. D. MacKerell et al., 1998). An indirect contribution to the
intramolecular potential is the van der Waals and electrostatic forces within
the molecule which are normally considered intermolecular forces. Normally
the potential applied for the non-bonded van der Waals and electrostatic forces
is used for 1-4 interactions and with atomic centers at further distance within
the molecule.

The intramolecular potential does not play an important role for small rigid
molecules, but for larger molecules the distribution of the intramolecular config-
urations can be important. This is seen when dynamic properties are studied,
for example in the case of proteins.

The newer force fields, like TraPPE-UA and AUA, have reused previous deter-
mined parameters for the intramolecular potential by other groups. TraPPE-
UA borrowed from OPLS (Briggs et al., 1991) and the AUA force field of
Ungerer et al. (2000) borrowed from previous AUA work of Toxvaerd (1997).

6.2 Determination of Intermolecular Potential

The optimization of the intermolecular part of the potential is where the dif-
ference between the force fields mentioned at the start of the chapter becomes
clear. The ambitions of the force field developers have a clear connection with
the evolution of computers. In the earliest work, Jorgensen (1981a,b,c) started
by reproducing the interactions of dimers and then testing the parameter set
for few examples of liquid phase simulation because computers were limited
and slow compared to modern standards. Later the OPLS-UA force field was
developed where liquids were simulated to reproduce molar volume, V,,, and
enthalpy of vaporization, AH,qp, (Jorgensen et al., 1984). Ten years later the
PC has made computer power more accessible and Toxvaerd (1990) was able
to make simulations for several compounds at a wide range of state points.
Toxvaerd (1990, 1997) was interested in the simulation of liquid alkanes from
an “Equation of State ” point of view where volume and temperature were fixed
and the pressure was predicted. Thereby a larger phase space area was covered
with respect to temperature and pressure compared to earlier work. With the
development of the Gibbs Ensemble Monte Carlo methods (see Section 2.1) it
became possible to include phase equilibrium properties in the objectives (Mar-
tin and Siepmann, 1998; Ungerer et al., 2000; Errington and Panagiotopoulos,
1999a). This latest development is mostly due to developments in theory and
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novel algorithms and not based on computer developments.

The list of examples is already long and presents the chronological develop-
ment of one main branch of the force fields. The other main branch is interested
in biological phenomenons where proteins and cell membranes are simulated in
a water or vacuum environment (Jorgensen and Swenson, 1985; A. D. MacK-
erell et al., 1998; Foloppe and Mackerell, 2000). Opposite to the work above
only ambient temperatures and pressure are of interest however in the biology
field dynamic properties plays an important role.

6.2.1 Transferability of parameters

There are two main aspects of the phenomenon. In the first case parameters
are for example optimized for alkanes using propane, pentane and octane. If
the determined parameter set is transferable, it can be used to predict behavior
of butane or decane. The second example could be alkenes where the saturated
part of the molecule is described using previously determined alkane parameters
and new parameters are only optimized for the double bonded carbon atoms.
This sequential approach have been applied most common force fields like OPLS
(Jorgensen et al., 1984; Jorgensen, 1986), TraPPE-UA (Martin and Siepmann,
1998, 1999; Chen et al., 2001), and AUA (Ungerer et al., 2000; Kranias et al.,
2003). The approach also helps to reduce the large parameter space available
when comparing the number of parameters possible against the experimental
and ab initio data available.

6.2.2 Partial Charges Determination

There are generally three approaches for determining the atomic charges which
are all based on quantum chemical calculations using software like Gaussian or
Spartan. In early work by Jorgensen (1981a,b,c) the initial set of van der Waals
parameters and charges where determined by reproducing dimer energies from
quantum chemical calculations at different distances and angles. The charges
generated has later been used in the OPLS-UA (Jorgensen, 1986) and TraPPE-
UA (Chen et al., 2001) force fields.

In the CHARMM force field the atomic charges for the electrostatic charges
are determined by reproduction of the aqueous solvation energies (A. D. MacK-
erell et al., 1998).

The last approach stands out, because quantum mechanical calculations is
reduced to calculation of the electrostatic potential around the molecule called
restrained electrostatic potential (RESP) method (Bayly et al., 1993; Levy and
Enescu, 1998). The electrostatic potential is calculated at points in shells at
growing distance to the molecule. The atomic or partial charges are then calcu-
lated by the optimal reproduction of the electrostatic potential of all the points.
The calculation can be expanded to an average of the charges determined for
the molecule in different local equilibrium structures together with the global
equilibrium structure as the different structures give varying results.
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6.2.3 Time Consumption

The time consumption or cpu-time of a general optimization is in most cases
longer and two factors count for the majority of the time used. These are the
amount of data used in the evaluation of the objective function and the time
for prediction of a single point by the model. In a simple optimization the
calculations take less than one second, for example the optimization of GF-
parameters described in Chapter 4. In the GP-model UNIFAC thousands of
data points are included in the optimization and even though the prediction
of each data point is fast, the time consumption is counted in days rather
than seconds. The long prediction time of each data point is typically seen in
dynamic models, for example determination of kinetic parameters for a model of
a chemical reaction, where the evaluation at each iteration includes integration
with some partial differential equation solver.

The optimization of parameters for a force field is an extreme example of the
latter case because of the simulation time. There are several options of the
optimization which can make the evaluation time at each iteration range from
days to weeks. These are the number of compounds, state points (T,P) and
the number of properties (V;, AHyqp, Pyap---)- The ability to simulate a single
compound or a whole compound group makes a big difference which depends
on the specification set in the objective of the force field. Liu et al. (2004)
only simulated 2 compounds with individual parameters sets where the MD
simulation include 2 temperatures for each compound to reproduce enthalpy
of vaporization and density. A larger effort has been used in the n-alkane force
field description by Ungerer et al. (2000) where vapor pressures, vaporization
energies and liquid densities of ethane, n-pentane and n-dodecane at several
temperatures have been included in the objective function. The optimization
of the 6 parameters took 1200h or 50 days (Ungerer et al., 2000) which has to be
considered a short time as good start estimates were available from the work
of Toxvaerd (1997). Another type of time influencing option is the number
of molecules included in the simulations because there is a clear connection
between the size of the system and the noise of the predicted properties. When
calculating the derivative of the objective function which is applied in the
determination of the changes in the parameters for the next iteration the noise
or uncertainty of the predicted properties can result in a wrong sign of the
derivative thereby making the optimization go in the wrong direction. On
the other hand simulation of too big systems will result in long simulation time
which will delay the final parameter set. Consequently it is important to choose
a system size where the noise or uncertainty is low enough for being applicable
in the optimization.

6.3 Simple Approach

In the optimization of force field parameters of this work a simple approach
has been applied. The overall objective of the approach is to apply the ca-
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pabilities available to an engineer who does not have endless resources i form
of experience, special software and time. The basis available for the engineer
includes publicly available parameter tables and software which can be down-
loaded without cost.

Several shortcuts have to be used when specialty software is not applied in the
determination of intramolecular parameters and partial charges. Consequently,
equivalent intramolecular parameters are applied when some are missing and
partial charges are taken from similar structures. The effort is put into opti-
mization the Lennard-Jones parameters of the intermolecular potential.

When simplifying the procedure for determination of the parameters assump-
tions are made which are not completely bulletproof. The consequence can be a
force field description unable to predict the behavior of the compound or com-
pound group with respect to temperature dependency or only density can be
predicted but not enthalpy of vaporyzation. The approach has been applied in
two case studies, (2H)-heptafluoropropane and lactone compound group, which
can be found in Chapter 7.

6.3.1 Simulations

Liquid systems containing 216 molecules were used which is equivalent to the
work of Chen et al. (2002); Liu et al. (2004). Isobaric-isothermal ensemble was
applied in MD simulations with initial minimization the system followed by
equilibration for 1 ns and a production period is 5 ns with a time step of 1 fs.
The total energy and simulation box size were sampled each 500 fs.

6.3.2 Optimization Procedure

The objective function includes densities at selected temperatures and in some
cases enthalpy of vaporization, AH,;, at 298.15 K.

AHS — AHMD

2 2
Pexp — P va, va
Ss=3" (P MD) + ( N > (6.1)
vap

Pexp

AH,qp is calculated in a simplified fashion where the intermolecular interaction
energy of the vapor phase is considered negligible together with the difference in
the intramolecular energy of the liquid and vapor phases. These approximations
are acceptable at ambient conditions. The expression is:

vap .
Einter ~ 0
vap ~ liq
Eintra ~ Eintra
MD ~ lig
AI{vap - 7Einter + RT (62)
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The average and variance of the density was calculated from the simulation
box side length sampled during the production period.

1 Nsamples
Pavg = Troamies Z pi (6.3)
i=1
1 Nsamples
(pQ)avg = - Z pz? (6.4)
Nsamples i=1
o5 = (P)avg — (Pavy)’ (6.5)

The optimization procedure starts with a set of start estimates and the partial
derivatives of the objective function is determined by performing a series of
simulations where a single parameter, a;, is modified in each simulation and
the rest of the parameters are kept constant. The numerical derivatives at
iteration I are calculated by:

4SS SS (al+06) , — 58!

Phj .
g =1... X .
da 5 5 J Npar (6.6)

Npoints

The derivatives are then applied in the calculation of the parameter set of the
next iteration, I + 1. The number of simulations needed at each iteration is a
product between the number of points in the objective function and number of
parameters, Npoints - (Mpar + 1).
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Case Studies

The presented case studies can be divided into small groups. The two first
cases, benzene - methyl acetate and methyl acetate - acetone, show close to
ideal behavior. The rest of the systems studied are of a more non-ideal class,
starting with benzene - ethanol where some self association occurs between the
ethanol molecules and continuing with methyl acetate - n-pentane. The fifth
system originates from the third Industrial Fluid Phase Simulation Challenge
where a mixture of ethanol and 1,1,1,2,3,3,3-heptafluoropropane is studied.
Experimental bubble point pressure data was given at a low temperature and
a high temperature bubble point pressure curve had to be predicted. The
case study is a good example of handling large temperature scales. The last
case study covers a whole compound group, lactones, which are cyclic esters.
The objective is to study how the force field parameter transferability concept
can be explored together with FST analysis when studying a novel compound
group.

CHARMM parameter tables applied in all simulations are listed in Appendix
C and correlation parameters for reverse approach calculations are in Appendix
D.

7.1 Benzene - Methyl Acetate

The system was selected for the initial case study because it was considered
not to contain any special phenomena. The system is also a good test because
it allows the study of the behavior of benzene with a linear ester, as mixtures
of lactones with benzene is going to be presented later. From the experimental
data it is known that the system shows close to ideal behavior. The temperature
is 303.15 K and the experimental pressures are all below atmospheric pressure,
which allows the assumption of ideal gas behavior of the vapor phase. The
CHARMM force field descriptions of the compounds are taken from original
work of A. D. MacKerell et al. (1998). The atomic descriptions are shown in
Figure 7.1. MD simulations were performed for 7 compositions covering the
bulk composition range. 1000 molecules were included in the simulation box
and standard settings from section 3.2 were applied.

Pure component simulations were performed to predict the molar volumes,
VMD " to evaluate the CHARMM force field description of components. The
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Figure 7.1. Atomistic CHARMM description of benzene and methyl acetate

compound Vet [em? /mol  VMP Jem® /mol  rel. error %
benzene 89.961 92.8240.54 3.2+0.6
methyl acetate 80.442 81.75+0.45 1.64+0.5

Table 7.1. Comparing pure compound molar volumes for benzene and methyl ac-
etate at 303.15 K.

results are listed in Table 7.1 and VP of methyl acetate is within the 2% con-
sidered acceptable. The molar volume of benzene is slighty too high, however
the relative error is not considered critical.

The radial distribution functions show a simple characteristic behavior where
all of the direct interaction peaks (first maximum) are made up of an average
of several intermolecular angles but neither 11,12 nor 22 seems to dominate
(see Figure 7.2). The benzene-benzene radial distribution function (g11(r))
is independent of the composition which can be seen when comparing solid
lines of Figures 7.2.a and 7.2.b where both extrema have more or less the
same values. The behavior is clearly shown in Figure 7.3 where the TCFIs
of benzene (Hp1) have the value —0.9 across the composition range. Methyl
acetate show a small tendency to cluster when becoming diluted. In figure 7.2
the maximum of the methyl acetate - methyl acetate rdf (¢53*®) changes from
1.65 at equimolar conditions to 1.6 at xp = 0.125 and Has goes from —0.95
to a value in the vicinity of zero. The TCFIs of benzene - methyl acetate,
Hi5, show an average behavior between Hy; and Hsz, although dominated by
the benzene - benzene behavior. The difference between the TCFIs, AH,
are all positive but dominated by large relative uncertainties. The results of
the reverse approach are reproduced extremely well for methyl acetate rich
compositions, but the error increases fast as methyl acetate becomes dilute.
This can be explained by the large error in Hss at high benzene concentrations.
There are also errors in Hy; and Hi, in the dilute benzene region, however
they cancel out each other. The TCFIs displayed in Figure 7.3 have been
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Figure 7.2. Radial distribution functions for benzene (1) - methyl acetate (2) system
at T = 303.15 K and 1000 molecules included. solid line: benzene-benzene (11),
dashed line: benzene-methyl acetate (12) and dot dashed line: methyl acetate-
methyl acetate (22).

generated using method 3 from section 3.3 where the TCFIs are a sum of
three contributions (Eq. 3.22). In Figure 7.4 a comparison is made between
method 1 and 3. In the given case the superiority of method 3 is obvious.
The uncertainties introduced by the truncation of method 1 are big relative
to the order of magnitude of the TCFIs which gives especially bad results for
dilute benzene compositions. The derivative of the activity coefficient from
both method 1 and 3 are used to determine modified Margules parameters
which are applied to predict the activity coefficient curves (In~y(z)) in Figures
7.4.cand 7.4.d. The mM ~-prediction of method 3 follows the y-behavior of the
experimental data with a minor deviation for +» in the methyl acetate dilute
region. The mM ~-prediction of method 1 are good for benzene except in the
dilute part where the predicted activity coefficients are much larger than the
experimental values. This is a direct consequence of the significant error in
dln~y;/dxy at 1 = 0.125. The v-prediction of method 1 for methyl acetate are
larger than the experimental data through the whole composition range. For

Method 1 Method 3
A 0.6914+0.082 0.26240.027
Asq 0.06+0.18  0.361+0.060

Table 7.2. Modified Margules parameters for benzene (1) - methyl acetate (2) mix-
ture at 303.15 K determined from FST analysis using method 1 and 3 for integra-
tion of rdfs.
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Figure 7.3. Total Correlation Function Integrals (TCF1Is) for benzene (1) - methyl
acetate (2) system at 303.15 K. O are results from simulation. Lines are from
reverse approach of Wooley and O’Connell (1991), dashed: modified Margules

and dot-dashed: Wilson.
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Figure 7.4. Benzene(l) - methyl acetate(2) at 303.15K. Comparing results of
MD results with modified Margules correlation. Figures a and c use the TCFIs
found using method 1. Figures b and d use the TCFIs found using method
3. Crosses and solid lines are results from MD simulations. Dashed lines are
generated by modified Margules where the parameters have determined using
experimental data.
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both method 1 and 3 the simplest form of the modified Margules expression
gave the optimal parameter set. In the case of method 1 a significant reduction
was made in the value of the objective function when expanding the modified
Margules expression to 4 parameters, however the uncertainties of 3 of the 4
parameters were large in magnitude than the parameters themselves, and the
parameter set was discarded. The modified Margules parameter sets are listed
in Table 7.2.

The modified Margules parameter sets from Table 7.2 are combined with
the assumption of ideal gas behavior of the vapor phase and the bubble point
pressure curves are predicted (see Figure 7.5). The scores were calculated
according to Equation 5.1 using the data of Nagata et al. (1973). The results
are listed in Table 7.3 together with the score if ideal liquid phase is assumed
(vi(z) =1). The score when applying the method 3 mM parameter set is very

method 1 method 3 ideal liquid
SCORE 3.63 1.41 4.39

Table 7.3. SCORES (Eq. 5.1) for benzene - methyl acetate system at 303.15K where
method 1 and 3 had been used for the integration of rdfs in the FST analysis and
for reference the score if the liquid phase is assumed to be ideal.
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Figure 7.5. Bubble point pressure curves for benzene (1) - methyl acetate (2) system
at 303.15K using 2 sets of modified Margules parameters where method 1 and
method 3 has been applied for integration of rdfs in FST analysis.

good and is better than one could expect for a system showing close to ideal
behavior. The errors and uncertainties of H;;’s seem to cancel out each other
instead of increase the error of AH. The relative large error of AH at z1 > 0.5
is damped when converted to derivatives, dln~;/dzq, and consequently the
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modified Margules description becomes good and the predictions and score are
very satisfying. The relative large uncertainties of the TCFIs, op,;, in Figure
7.3 indicate the result could have been significantly different and consequently
less precise.

The score of the method 1 integration approach might seem good however
when compared with the score of pressure prediction when assuming ideal liquid
phase the results are not good. The score when assuming ideal liquid phase
is acceptable from a design point of view and the small AH’s along the whole
composition range can be used as an indication that one can assume ideal liquid
phase and get pressure predictions which are acceptable.

7.2 Methyl acetate - acetone

The methyl acetate - acetone system is a difficult challenge from the FST analy-
sis point of view. The system shows close to ideal behavior, but includes an
azeotropic point. The temperature is elevated to 323.15K compared to pre-
vious systems but experimental pressures are still below atmospheric pressure
and the gas phase is considered ideal. The methyl acetate description is the
same as in the previous case study. The description of acetone is taken from
work of Martin and Biddy (2005) where they used it for predictions of heats of
vaporization. The atomic CHARMM descriptions are shown in Figure 7.6. MD

0B
| @y @3 ?

@) o @) (o @)
)

Figure 7.6. Atomistic CHARMM description of methyl acetate and acetone

simulations were performed for 9 compositions across the composition range.
512 molecules used for the mixtures and standard settings from section 3.2 were
applied.

Pure component simulations were performed to predict the molar volumes,
VMD " to evaluate the CHARMM force field description of components. The
predicted molar volumes (Table 7.4) are within the 2%-limit for acetone while
Vo of methyl acetate is slighty too high. But the inaccuracy is not critical.

Figure 7.7 illustrates the large variance of the like-like TCFTIs, a}%m, in the
dilute composition area for the methyl acetate - acetone system. Hy; and Hoo
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compound Verp Jem® /mol - V.MP Jem® /mol  rel. error %
methyl acetate 82.9 84.9+1.3 2.44+1.5
acetone 76.66 77.9£1.3 1.6£1.7

Table 7.4. Comparing pure compound molar volumes for methyl acetate and ace-
tone at 323.15 K.
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Figure 7.7. Total Correlation Function Integrals (TCFIs) for methyl acetate (1) -
acetone (2) system at 323.15 K using integration method 3. O are results from
simulation. Lines are from reverse approach of Wooley and O’Connell (1991),
dashed: modified Margules and dashed-dotted: Wilson for G®-model.
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have relative large error bars at low concentrations. 0% shows less composi-

tion dependence. The behavior resembles the results of the benzene - methyl
acetate system (Figure 7.3). These effects are clearly shown in the AH-plot
where the variances, 03 ;; at x1 = 0.1 and z; = 0.9 are significantly larger.
The dashed and dashed-dotted lines show the TCFIs generated by the reverse
approach of Wooley and O’Connell (1991) using the Wilson and modified Mar-
gules models. The TCFIs from MD simulation generally reproduce the reverse
approach results however the like-like integrals, H;;, are badly reproduced in
their dilute area and they have large variances. The AH-values are generally
small indicating an almost ideal system. The deviations from reverse approach
results at dilute conditions are small on an absolute scale. AH goes from neg-
ative to positive and back to negative again and this fluctuating behavior gives
muddy picture together with the relatively large standard deviation of AH. If
the standard deviations are taken to the extreme the A H-curve could have been
all negative or almost all positive. This is the best example of the weakness the
methodology when treating systems showing close to ideal behavior, however
one still gets acceptable results by assuming ideal behavior of the liquid phase
as the mixture behaves nearly ideal and the pure component vapor pressures
are almost uniform.

The fluctuations of AH around zero results in similar behavior of d Iny; /dx;
for the integration method 3 results in Figure 7.8.b. At dilute methyl acetate
conditions the predicted dln~y;/dxzi-values are positive while the behavior of
dn~y; /dz, extracted from the experimental data (Olson, 1981) gives small neg-
ative values. The disagreement is visualized in Figure 7.8.d where the In v} -
curve has a small negative value at x1 = 0.1 while the experimental activity
coefficient has a small positive value. The results of integration method 1 is for
most of the composition range similar to the results of method 3 with fluctua-
tions around zero. The significant difference is at z; = 0.1 where d1n~; /dz, has
a relatively large negative value (Fig. 7.8.a) and a negative value at x; = 0.8.
The InyMP-curves of integration method 1 (Fig. 7.8.d) fluctuates differently
than method 3 results but all results are in the vicinity of zero.

The relative large fluctuations in Figure 7.8.b suggests the alternative objec-
tive function, SSs5, (Eq. 4.3) could be preferable. The resulting parameters
are listed in Table 7.5 together with the optimized parameter sets of SS; (Eq.
4.2). In all three cases the increase from 2 to 4 parameters significantly reduced

Method 1 Method 3
SS1 SS1 SS2
Ay 0.1584+0.099 -0.175+0.063  0.03740.082
Ao -0.1940.22 0.11+0.14 -0.077+0.039

Table 7.5. Modified Margules parameters for methyl acetate (1) - acetone (2) mix-
ture at 323.15 K determined from FST analysis using objective functions SS1 (Eq.
4.2) and SS2 (Eq. 4.3) for results of integration method 1 and 3.
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Figure 7.8. dln~vi/dz; and In~; as function of x; for methyl acetate (1) - acetone
(2) at 323.15 K. Solid (modified Margules) and dashed (Wilson) are determined
from experimental data (Olson, 1981). (a) and (c) are results of applying method
1 integration of rdfs and (b) and (d) are results for integration method 3.
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the objective function value, but in all cases the uncertainty or standard de-
viation of the parameters were too large for the 4-parameter description. For
5-parameter descriptions the uncertainties were again larger than the parame-
ters themselves and the simplest form of the modified Margules expression was
selected.

The bubble point pressure curves in Figure 7.9 might seem suspicious because
both a maximum above and a minimum below the ideal mixture pressure line
exists. The phenomenon observed for the results of the FST analysis is called
double or poly azeotropic behavior which can occur for mixtures close to ideal
conditions. The first experimental observations of the phenomenon were made
by Duncan et al. (1968) which is quite late in the history of experimental chem-
istry. The system was benzene with hexafluorobenzene and poly azeotropes
have since been observed by other workers (Leu and Robinson, 1991; Chris-
tensen and Olson, 1992; Burguet et al., 1996; Aucejo et al., 1996, 1997; Kao
et al., 1997). The outcome of applying the alternative objective function, 555,
did neither give significantly better nor did it return unreliable results. The
resulting scores when applying SS7 and SS5 are almost the same and a dou-
ble azeotrope is predicted in both cases. The application of S.S; is in general
advisable when the standard deviation of the TCFIs, 0% ;;, are relatively large
compared to the TCFIs themselves. S.S; should not be applied instead of, but
as a supplement to SS;. Then the resulting predictions can be compared and
disagreements should lead to additional simulation or analysis.

Integration objective SCORE Tazeotrope
method function 1 2
1 SS1 2.29 0.149 0.823
3 SS1 2.54 0.318 0.758
SS2 2.36 0.026* 0.863
Exp. 3.4570-1076 0.380

Table 7.6. SCORES (Eq. 5.1) and azeotropic points for methyl acetate - acetone
system at 323.15K applying parameter sets of Table 7.5. * From z; = 0.0 to 1 =
0.026 the compositions of liquid and vapor phase are almost identical, 1 ~ y;.

As mentioned in the introduction to the methyl acetate - acetone system
at 323.15 K the experimental data set only includes a single azeotropic point
which is listed in Table 7.6 together with the predicted double azeotropes.

From a negative point of view one could conclude, the single azeotrope was
not predicted by the FST analysis approach. However all three approaches
within the FST analysis methodology predicted a close to ideal system with
scores not higher than 2.54. Azeotropic behavior was detected although more
azeotropic points were found from simulations than from experiments.
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Figure 7.9. Predicted xP and xy diagrams using modified Magules parameter set

from Table 7.5 for methyl acetate (1) - acetone (2) at 323.15 K.
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7.3 Benzene - Ethanol
The benzene - ethanol system is moderately non-ideal and is studied at 298.15
K where the vapor phase can be considered an ideal gas. The CHARMM

descriptions were taken from literature (A. D. MacKerell et al., 1998) and the
atomic descriptions are shown in Figure 7.10. MD simulations were performed
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Figure 7.10. Atomistic CHARMM description of benzene and ethanol.

for 9 compositions across the composition range. 512 molecules used for the
mixtures and standard settings from Section 3.2 were applied in simulations.
Pure component simulations were made with 216 molecules to predict molar

compound  V,¢*? /em®/mol V2P Jem3 /mol  rel. error %
benzene 89.502 92.08+0.72 2.9+0.8
ethanol 58.516  59.56+0.57 1.8+1.0

Table 7.7. Comparing pure compound molar volumes for benzene and ethanol at
298.15 K.

volumes (Table 7.7). V.MP of ethanol is within the acceptable error of 2% which
is not seen for benzene, however the level of inaccuracy is consistent with the
result at 303.15 K from Table 7.1.

In Figure 7.11 three sets of radial distribution functions are displayed where
the change in the rdf of ethanol, g22(r), across the composition range is dra-
matic. The direct interaction part of geo(r) is characterized by double peak
where the first peak is a dimer from self association and the second is the aver-
age of the rest of the interaction angles. At high concentration of ethanol the
peaks are equally strong, but as the mole fraction of benzene increase the self
association becomes dominant but the maximum of both peaks increases and
the distributions become narrow. The effect of this behavior is captured in Hoo
in Figure 7.12 where Hyo goes to extremely high values at small ethanol con-
centrations. There is good agreement between the Hso’s from MD simulations
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Figure 7.11. Radial distribution functions for benzene (1) - ethanol (2) system at T
= 298.15 K and 512 molecules included. solid line: gi11(r), dashed line: g12(r)and
dot dashed line: g22(r).

and those predicted from the reverse approach. The high absolute uncertainty
of Hos at 1 = 0.9 becomes less significant because the relative uncertainty is
low. Even though the absolute uncertainty is high it is within the boundaries
of the disagreement between the results of the Wilson and modified Margules
models in the reverse approach results. Hsy in the benzene - ethanol case is
quite special for reverse approach results because one rarely can observe such
a large difference between the position and value of the maximum of a TCFI.
The RDFs of benzene-benzene, g11(r), are less sensitive to composition. The
change can be seen in Figure 7.12 where H;; small positive values for most of
the composition range to negative values at high concentration of benzene. As
in the case of ethanol, Hy; from MD simulations follow the trend of the reverse
approach results. At dilute benzene compositions the MD results are too small
for H1; however AH is dominated by terms from Hi5 and Hss and there it has
no effect on the final result. The behavior of Hys is reproduced quite well for
most of the composition range, though the minimum of the reverse approach
around x; = 0.65 — 0.70 is not predicted by the MD simulations. The con-
sequence is seen in AH in the composition range z; = 0.6 — 0.80 where AH
from the MD simulations is underestimating the reverse approach results. The
general agreement between AH of simulations and reverse approach is good.

System size effects were studied as the equivalence of ensembles (NPT, pVT)
is only true for infinitely large systems. It is also true for smaller systems,
but the fluctuations are larger for the smaller systems, and the systems may
be so small that a thermodynamic description is meaningless. We are not
at that limit here. Table 7.8 compares TCFIs obtained from simulations of
512 and 1000 molecules of the benzene - ethanol mixture at z; = 0.9. The
uncertainties are as expected smaller with 1000 molecules, but the final results
do not differ significantly. Consequently when systems of equivalent molecule
sizes are studied, 512 molecules will be used.
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Figure 7.12. Comparison of TCFIs from MD simulations and reverse approach
for benzene - ethanol system at 298.15 K. [J are results from simulation. Lines
are from reverse approach of Wooley and O’Connell (1991), dashed: modified
Margules and dot-dashed: Wilson.

Number of Integration Hiq Hio Hoy
molecules method
512 1 -0.5954+0.011 -2.29+0.18 30.9+3.8
3 -0.68940.016 -2.7840.23
1000 1 -0.66314+0.0091 -2.31740.0081 29.84+1.1
3 -0.8333+0.0059 -2.851+0.043

Table 7.8. Comparing TCFIs for benzeneUethanol system at x5 = 0.9 using meth-
ods 1 and 3 for integration in two setups with 512 and 1000 molecules, respectively.
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Figure 7.13. Benzene(1l) - ethanol(2) at 298.15K. Comparing results of MD results

with modified Margules correlation. In Figures a and c integration method 1 was
applied and method 3 was applied in Figures b and d. * Derivatives generated
using TCFI. — modified Margules correlation reproduction simulation results.
—— modified Margules correlation reproducing experimental data Wooley and

O’Connell (1991).
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The derivatives of the activity coefficient plots in Figure 7.13 show similar
results for the method 1 and 3 of the integration methods of the RDFs. The
increased uncertainty of applying integration method 1 does not play an impor-
tant role in this example, possible because the uncertainties are relative small
compared to the TCFIs. In Table 7.9 the modified Margules parameter sets op-

Method 1 Method 3
Ao 1.867+0.032 1.44240.027
Ay 2.117+0.091  2.60+0.20
12 1.82+0.24 0.50+0.28
(e 31 0.8040.18 2.2+1.3
n b -1.75+0.51

Table 7.9. Modified Margules parameters for benzene (1) - ethanol (2) mixture at
303.15 K determined from FST analysis using method 1 and 3 for integration of
RDFs.

timized from the integrals of method 1 and 3 are listed. The obvious difference
is the number of parameters included in the optimal solution for integration
method 1 and 3 when following the optimization procedure described in Section
4.1. In both cases there was a significant reduction in the value of the objective
function when going from 2 to 4 parameters and also when going from 4 to
5 parameters. For method 1 the uncertainties of the a;2, as; and n becomes
too significant for the 5 parameter version and it is discarded. For method 3
the uncertainties of a2 and ag; are of the same order of magnitude as the
parameters themselves in the 5 parameter version, however the uncertainties
are much larger for a5 and as; in the 4 parameter version and consequently
the 5 parameter version is selected.

modified Margules parameter set SCORE %1 azeotrope

method 1 2.64 0.677
method 3 2.29 0.698
Wooley and O’Connell (1991) 1.81 0.688

(Hwang and Robinson, 1977) 0.3694 0.695

Table 7.10. SCORES (Eq. 5.1) and azeotropic point for benzene - ethanol system
at 298.15K where method 1 and 3 had been used for the integration of RDFs in the
FST analysis. Compared with two modified Margules parameter set determined
from experimental data. The first is from the work of Wooley and O’Connell
(1991) have applied another data set in the fitting process and the second is
determined using only the experimental data set applied in the evaluation (Hwang
and Robinson, 1977).

The modified Margules parameter sets from the FST analysis is evaluated
against experimental data of (Hwang and Robinson, 1977) and the results vi-
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sualized in Figure 7.14 where the behavior of the system is reproduced by both
parameter sets. The system has an azeotropic point and the prediction of the
point is listed in Table 7.10 together with scores. Wooley and O’Connell (1991)
have treated the system and a modified Margules parameter set was available
from their work. When testing the modified Margules description of Wooley
and O’Connell (1991) against the experimental data a non-perfect score of 1.81
was obtained. The experimental data applied in the determiation of the pa-
rameter set by Wooley and O’Connell (1991) was not retrieved. To test if
the data set was inconsistent an additional modified Margules parameter set
was optimized using the data of (Hwang and Robinson, 1977). The score of
the new parameter set was 0.3694 and the data set is consequently considered
consistent. Other approaches for testing consistency require vapor composition
data which was not available and the simple approach described above was
preferred. In both the case of method 1 and 3 the prediction of the azeotropic
point is impressive as the predicted azeotropic points are within a few percent
of the experimental determined value. The results show that the FST analysis
methodology can detect azeotropes and estimate the azeotropic composition,
Tazeotrope; With high accuracy for non-ideal systems.

P/mmHg
P/mmHg

)(1 )(1

(a) method 1 (b) method 3

Figure 7.14. Bubble point pressure curves for the benzene (1) - ethanol (2) system
at 298.15K using 2 sets of modified Margules parameters where method 1 and
method 3 has been applied for integration of RDFs in FST analysis.

7.4 Methyl acetate - n-pentane

The methyl acetate (1) - n-pentane (2) system is like the previous system mod-
erately non-ideal and has an azeotropic point. The temperature is 298.15 K
and the pressures are still below 1 atm (760 mmHg). The CHARMM descrip-
tions were taken from literature (A. D. MacKerell et al., 1998) and the atomic
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descriptions are shown in Figure 7.15. MD simulations were performed for 9

Figure 7.15. Atomistic CHARMM description of methyl acetate and n-pentane

compositions across the composition range. 512 molecules used for the mix-
tures and standard settings from section 3.2 were applied. Pure component
simulations were performed to predict the molar volumes, V% to evaluate
the CHARMM force field description of components. The results are listed in

compound Verp fem® /mol - VP Jem?® /mol  rel. error %
methyl acetate 79.82  81.0+1.2 1.4+1.5
n-pentane 115.255 120.2+1.9 43+ 1.7

Table 7.11. Comparing pure compound molar volumes for methyl acetate and n-
pentane at 298.15 K.

Table 7.11 and V,MP of methyl acetate is within the 2% considered acceptable.
The molar volume of n-pentane is too high and the relative error could be
critical as the RDF and TCFT depend on molar volume. The large inaccuracy
is puzzling as data of n-pentane has been included in the optimization of the
CHARMM parameters (A. D. MacKerell et al., 1998) where it was the largest
of the alkanes.

Hi, is overestimated at low 27 by more than 50% in some cases (Figure 7.16).
The cause could be the general problem of quality sampling at dilute condi-
tions. Another plausible reason cause is the poor reproduction pure n-pentane
molar volume. For Hp-> the agreement between the MD and reverse approach
results is very good for the whole composition range and the minimum around
x1 = 0.5 — 0.6 is reproduced with acceptable accuracy. Hoo is underestimated
at high methyl acetate concentration, however the trend of the MD simulations
match the reverse approach trend. The only exception is at 1 = 0.9 where
Hjs decrease but the uncertainty of Hso is relatively large and too much em-
phasis should not be put into this data point. The resulting A H-curve follows
the trend of the reverse approach results. It is overestimated at low x; and
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Figure 7.16. Total Correlation Function Integrals (TCFIs) for methyl acetate (1) -
n-pentane (2) system at 298.15 K. [J are results from simulation. Lines are from
reverse approach of Wooley and O’Connell (1991), dashed: modified Margules
and dot-dashed: Wilson.
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underestimated at high x; which is a consequence of the Hy; and Hss errors.

~F

diny,/dx,
N
Iny;
1

0.5

Figure 7.17. Methyl acetate(l) - n-pentane at 298.15K applying integrals from
method 3.

The derivatives of the activity coefficient is shown in Figure 7.17.a where
the underestimation of AH at high methyl acetate concentration is damped
when converted to dln~v;/0z; because of the mathematical behavior of the
Kirkwood-Buff expression (Equation A.35). The overestimation of AH at low
methyl acetate concentrations results in too negative values of the derivative
when compared to the curves generated from experimental data. The resulting
InyMP_curve in Figure 7.17.b does not suffer significantly from inaccuracy
of 9lnv,/0xz1 at low x; and the agreement between the ~-curves from FST
analysis and experiments is good.

The results from integration method 3 are in general more accurate and fur-
ther improvement of these might be possible by applying another objective
function. Both objective functions, SS; and SS5 (Equations 4.2 and 4.3) have
been applied for the optimization of modified Margules descriptions. The re-
sulting parameter sets are very similar and the parameters are listed in Table
7.12. Large reductions were made in both cases when advancing from 2 to 4
parameters in the objective function values, and the expansion with the fifth
parameter did not give significant better results and the 4 parameter descrip-
tion was selected in both cases.

Integration method 1 was applied again to investigate if the good results of
the benzene - ethanol was coincidental or if general conclusion can be extracted
from the results. The modified Margules parameter set obtained is listed in
Table 7.12 where the optimal parameter set consisted of 4 parameters which
differ from the parameter sets from the other approaches. The result of the
difference is negative and the score is significantly larger than the results of
the other parameter sets which are equivalent (see Table 7.13). The score from



64 Case Studies

Method 1 Method 3
SS1 SS1 SS2
Ay 2.49540.057 1.84140.027 1.803+0.029
As; 1.5704+0.050 1.4564+0.076 1.51540.040
12 4.9340.89 0.86+0.30 0.4540.14
a1 0.913£0.046  0.38+0.15 0.46+0.17

Table 7.12. Modified Margules parameters for methyl acetate (1) - n-pentane (2) at
298.15 K, determined from FST analysis using objective functions SS1 (Eq. 4.2)
and SS2 (Eq. 4.3) for results of integration method 1 and 3.

integration method 1 is however within reasonable limits and the parameter
set can applied in an initial design phases. The scores of the two parameter
sets originating from method 3 integration are both very good and the result
resemble that of Table 7.10 for the benzene - ethanol system.

Integration objective =~ SCORE  Zascotrope

method function
1 SS1 5.03 0.207
3 SS1 1.91 0.205
SS2 2.07 0.213
Exp. 2.3-107° 0.205

Table 7.13. SCORES (Eq. 5.1) and azeotropic point for methyl acetate - n-pentane
system at 298.15K where method 1 and 3 had been used for the integration of
RDFs in the FST analysis and two objective functions have been applied results
of integration method 3.

The prediction of the azeotropic points is within 1% which is similar to the
results of the benzene - ethanol system. This sparse foundation shows a trend
in the results. When the non-ideality of the system reach a certain level the
FST analysis becomes very precise.

7.5 Ethanol - (2H)-Heptafluoropropane

The system was studied for competing in the third Industrial Fluid Phase
Simulation Challenge (IFPSC). The challenge was to predict the bubble point
pressure data (xP) for the 343.13 K-isotherm. All published pure component
knowledge was allowed to be applied together with xP-data at 283.17 K. There
are three objectives in this case. The first is to study if the simple approach
(Section 6.3) for optimization of missing force field parameters is sufficient
when the resulting parameter description is applied in MD simulations for FST
analysis. The second objective is to study the effect of different assumption
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Figure 7.18. Bubble point pressure curve and vapor phase composition as function
of liquid phase composition for methyl acetate(l) - n-pentane at 298.15K. O is
experimental data of Lu et al. (1990). Solid lines and x are predictions by the
modified Margules parameter set determined using method 3 for integration of
RDFs and objective function SS1.

regarding the vapor phase. In previous case studies the selected temperature
has been far from the critical temperature, T, of any of the components, how-
ever in the case at hand T, of (2H)-Heptafluoropropane is approximately 30 K
higher than the studied temperature which together with the vapor pressure
of (2H)-Heptafluoropropane indicates that the vapor phase may not be ideal.
The third was to test the methodology against world-class investigators in a
truly predictive mode.

%@ (73) (1) ()
it (@)
o OLIO

Figure 7.19. Atomistic CHARMM description of ethanol and (2H)-heptafluoropro-
pane.

The CHARMM description of ethanol applied in previous case studies is
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reused (See Figure 7.19). No previous CHARMM simulations of (2H)-Hepta-
fluoropropane (HFF-227ea) exist, known to us. Fluorinated ethanes have been
simulated by Chen et al. (2002) (1-fluoroethane,1,1-difluoroethane, and 1,1,1-
trifluoroethane) and by Liu et al. (2004) (hexafluoroethane and halothane).
Both groups fitted parameters to liquid density and enthalpy of vaporization
data, reporting agreements with experimental data within 2%. However, their
parameters were optimized only for limited substances and differences appeared
for certain atoms. Therefore, the transferability of their parameters to related
compounds such as HFF-227ea is questionable. Densities from MD-NPT simu-
lations compared with experimental values (Salvi-Narkhede et al., 1992) showed
that the parameter set of Chen et al. (2002) gave too low densities, while the
set of Liu et al. (2004) gave too high densities. The parameter set of Chen
et al. (2002) was applied with the exception of R, r3. Predictions of HFF-
227ea liquid density were most sensitive to that parameter. As a consequence
Ronin, 73 was used to fit HFF-227ea liquid densities, using the simple approach
described in Section 6.3. The fitting to density data (Table 7.14) gave a value of

T Peap Peale relative
K g/mL g/mL error
257.55 1.5216 1.55+0.02 -1.92 %
273.15 1.4882 1.50+0.02 -0.76 %
303.07 1.3721 1.3940.03 -1.56 %
343.38 1.1887 1.2140.04 -2.10 %

Table 7.14. Density prediction for (2H)-Heptafluoropropane from MD simulation
using CHARMM force field.

Rynin, 3 near previously published values. The predicted HFF-227ea densities
are typically within 2% of corresponding experimental values and the disagree-
ment never exceeds the uncertainty of the prediction. The atomic charges are
the same as those of Chen et al. (2002) except for the carbon atoms attached
to fluorines. In the united atom force fields available for fluoroalkanes (Cui
et al., 1998; Zhang and Ilja Siepmann, 2005), the CF2 and CF3 beads are
electro-neutral. This feature was retained by making the corresponding groups
of atoms electro-neutral in the HFF-227ea description. Many intra-molecular
parameters for HFF-227ea are not available from the literature, so estimates
were used, based on similar structures. The description was tested and found
acceptable. This was expected, since the intra-molecular potentials are rela-
tively less important to the bulk properties than the intermolecular potentials.

7.5.1 Mixture Simulations

Simulation series were performed at both temperatures and the procedure (Sec-
tion 3.2) was followed again except at 283.17 K where only 2 production runs
were made because of lack of time, but the predictions at 283.15 K were only
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made to test the force field description. The modified Margules parameters are
listed in Table 7.15 where the parameters generated using integration method
3 for the RDFs and the SS; objetive function were applied in the submitted re-
sults (Christensen et al., in pressb). The reduction in the number of production
runs at 283.17 K is clearly seen in the standard deviations of the parameters
where they are a factor 10 higher than what is seen at 343.13 K or in simi-
lar systems. One should not compromise with the number of production runs
unless the lack of time prohibits the normal set of simulations. The resulting

Method 1 Method 3
SS1 SS1 SS2
T =283.17TK
Ao 3.10£0.28 2.314+0.15  1.881+0.054
Ao 1.12+0.10 0.754+0.19 -0.31+0.30

a1 1.31£0.20 0.31+0.34
n e -1.67+0.47
T = 343.13K

A, 2.166+0.028 1.818+0.018 1.885+0.074
Ay 1.383+0.046 1.227+0.037 1.298-40.014
oo 2574035 1574018 2.43+0.86
a1 0.678+0.051 0.510+£0.054  0.81+0.16
n e e 1.48+0.80

Table 7.15. Modified Margules parameters for ethanol (1) - (2H)-Heptafluoropro-
pane (2) mixture at 283.17 K and 343.13 K determined from FST analysis using
objective functions SS1 (Eq. 4.2) and SS2 (Eq. 4.3) for results of integration
method 1 and 3.

parameters listed in Table 7.15 for the system at 343.13 K are not the same
as those applied in the Challenge problem because the methodology for select-
ing the best parameter set had not been developed at the time (Christensen
et al., in pressb,i). In the entering proposal for the challenge the 5-parameter
modified Margules expression was selected.

7.5.2 Vapor Phase Options

Three scenarios have been tested for the vapor phase which are ideal gas, ideal
solution and real solution (See description in Chapter 5). Poynting correction
of the liquid phase fugacity was neglected.

Assuming ideal gas behavior the results at 283.17 K are in acceptable agree-
ment with experiment giving a SCORE = 6.77 and the Px-diagram is shown
in Figure 7.20. At the 343.13 K the SCORE when assuming ideal gas behavior
is 1.51 using the 4-parameter description, while the 5-parameter description
(submitted in the Challenge) has a SCORE of 1.52 which is equally good.
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Figure 7.20. Bubble Point pressure curve for ethanol (1) - (2H)-heptafluoropropane
(2) at 283.17 K assuming ideal gas behavior.

The difference between the parameter sets is the uncertainty of the parameters
which is seen in the pressure predictions in Figure 7.21. The activity coeffi-

1.5x10°
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(a) 4-parameter description (b) 5-parameter description

Figure 7.21. Bubble Point pressure curve for ethanol (1) - (2H)-heptafluoropro-
pane (2) at 343.13 K assuming ideal gas behavior applying 2 different modified
Margules descriptions.

cients found for this system are unusual in behavior, as shown in Figure 7.22.
The deviation from Raoult’s Law is positive, but there is a maximum for the
HFF-227ae and a minimum for the ethanol in the range of x; between 0.45 and
0.65.

The method of Hayden and O’Connell (1975) has been used to estimate
the second virial coeflicients, B;;. The method uses only critical properties
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X1

Figure 7.22. Activity coeflicients (based on simulations) of ethanol (J) and HFF-
227ae (A) at 283.17K (full lines) and 343.13 K (dashes).

(temperature, 7., and pressure, P.) and other molecular parameters (radius
of gyration, R¢, dipole moment, y, and solvation parameter, ) as shown in
Table 7.16. In the absence of experimental values, all may usually be estimated

Compound T./K P./K R 1 n
Ethanol 516.3 63.000 2.25 1.690 1.4
HFF-227ea 374.83 29.116 3.70 1.769 0.0

Table 7.16. Pure component data of ethanol and HFF-227ea applied in method of
Hayden and O’Connell (1975) to predict second virial coefficients, B;;.

from molecular structure. We expect no association of C3HF; and, in the
absence of direct measurements, no solvation of it with alcohol. A test of this
assertion could be made with any HFC compound with an alcohol, since the
correlation uses group association/solvation parameters. Parameters based on
the radius of gyration are estimated to be only slightly smaller than those of
C3Fg based on increments for CHy, CoHg, C3Hg along with CHF3, CHF5, etc.
The parameter values used in our calculations are listed in Table 7.16, while the
B;; values are given in Table 7.17. The uncertainties in these virial coefficients
are probably of the order & 100 cm?/mol. For ethanol, data compilations list
values within this range (Dymond and Smith, 1980). For HFF-227ea and the
cross coefficients, no information is available for comparison. Figures 7.23
and 7.24 show the effects of vapor non-ideality on P at 283.17 and 343.13K,
respectively. There are significant differences, including for y; (not shown),
indicating that assumptions unrelated to the simulations can affect the results.
Tables 7.18 and 7.19 give scores for the various non-ideality approximations
and numbers of parameters in the modified Margules model. The ideal gas (IG,
where ®; = 1) assumption gives somewhat more accurate results for P, even
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T/K  Biotar/cm>mol !

Biree/cm3mol T

=
Behem/cm®mol

ethanol

343.15 -1046.03 -79.42 -623.22
283.17 -2963.18 -149.24 -2281.89
HFF-227ea

343.15 -443.64 -15.84 0.00
283.17 -741.97 -84.43 0.00
mixture, 12

343.15 -431.53 -48.69 0.00
283.17 -707.09 -116.41 0.00

Table 7.17. From correlation of Hayden and O’Connell (1975), where data from
Table 7.16 where applied together with Egion = 345.10 K, ogton = 4.710 A,
Ecsur, = 341.94 K, and oc,ur, = 5.1568 A. The mixture parameters were E1o =
343.52 K, 012 = 4.933 A, and n12= 0.00.
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Figure 7.23. Effects of vapor non-ideality and pressure on calculations of P (Pa) at
283.17 K. Ideal Gas (®; = 1): Full curves; Ideal vapor solution (412 = 0): Dashes;
Real vapor solution: Dash-dot curves.
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Figure 7.24. Effects of vapor non-ideality and pressure on calculations of P (Pa) at
343.13 K. Ideal Gas (®; = 1): Full curves; Ideal vapor solution (412 = 0): Dashes;
Real vapor solution: Dash-dot curves.

though non-idealities do affect the results. This result is likely to have occurred
from the ignoring of non-idealities compensating for errors in the simulations.
This effect would probably not be seen for the vapor compositions, providing a
more stringent test for the simulations. The scores of Table 7.18 and 7.19 shows
that the general accuracy of the methodology is within 10%. VLE calculations
(not shown) have also been made for cases in which vapor non-ideality and
liquid pressure effects are included. = The Poynting correction was included

vapor | mod. Margules
phase 2 4 5

ig 149 502 6.77
is 168 7.55 9.40
rs 168 7.69 9.60

Table 7.18. Score for 2, 4 and 5 parameter modified Margules models and different
vapor non-ideality approximatins. IG = ideal gas , IS = ideal solution and RS =
real solution at 283.17 K.

as in Equation 5.4 where the liquid volumes were obtained from simulation, as
given in Table 7.14. While the effect is small at the lower temperature, it makes
several percent difference at the higher T because of the high vapor pressure
of HFF-227ae, principally decreasing P at mid-range concentrations.

The predictions submitted for the industrial fluid phase simulation challenge
(Figure 7.25) resulted in a score of 1.52 as previously shown. This was the best
score, however other research groups and companies did also make good pre-
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vapor | mod. Margules
phase 2 4 5

ig 7.2 151 1.52
is 10.0 5.30 5.20
rs 10.2 5.75 5.63

Table 7.19. Score for 2, 4 and 5 parameter modified Margules models and different
vapor non-ideality approximatins. IG = ideal gas , IS = ideal solution and RS =
real solution at 343.15 K.
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Figure 7.25. Bubble point pressure for mixture of Ethanol (1) - (2H)-heptafluoro-
propane (2) at 283.17 and 343.13 K. Submitted predictions for the third Industriel
Pluid Phase Simulation Challenge - state transferability problem. solid line and
X are the predictions and [ are experimental data.
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dictions and the top five is given in Table 7.20. The individual methods of the

Rank Group score
1 This work 1.52
2 University of Stuttgart, Germany 2.83
3 COSMOlogic, Germany 3.44
4 University of Dortmund, Germany  3.72
5 University of Minnessota, USA 4.24

Table 7.20. Top five from the third industrial fluid phase simulation challenge -
state transferability problem.

other groups can not be described here, as the IFPSC work was not published
at the deadline of this thesis. It is known that the third place contribution was
given by Klamt and Eckert using COSMOtherm previously described in Section
2.2. The fifth place contribution was made by Siepmann et al. using a method
similar to the GEMC work presented in Section 2.1. The scores of all the top
five contributions are within 5% of the experimental data and they can all be
considered good enough for application in an initial design process. The result
of the Challenge shows that the methodology presented here is competitive
with the best predictive methods on a worldwide scale.

7.6 Lactones

The work presented in this last case study is an attempt to test the full potential
of the work presented in this thesis. The subject is the lactone compound
group (cyclic esters), which has not been simulated previously and a force
field description has to be developed before the FST analysis work can be
employed. The simple approach (Section 6.3) was used and the objective is to
study how the force field parameter transferability concept can be combined
with FST analysis when studying a novel compound group. The case study is
also dedicated to study the level of precision in the predictions of the force field
needed before it can be applied in FST analysis work. The developed force field
description for the lactone group is applied in the simulation of y-butyrolactone
and d-valerolactone with benzene at two temperatures.

7.6.1 Force Field Optimization

The objective is to generate a CHARMM force field description of lactones
which is transferable, meaning lactones of different ring size can use the same
parameter set and the non-ester part can be described by alkane parameters
equivalent to the case for linear esters. In the CHARMM force field no para-
meters existed for cyclic alkanes and the parameters available for linear alkanes
were tested for cyclic hexane and pentane and the results are listed in Table
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7.21. CT2 is the descriptor of the linear alkane methylene carbon atom (See n-
pentane description in Figure 7.15). Both the molar volume, V,,,, and enthalpy
of vaporization, AH,p, where predicted with unacceptable accuracy using the
linear alkane parameters at 298.15K and the cyclic alkane description had to
be developed. The strategy for improving the prediction of cyclic alkane prop-

Relative Errors, %
¢/kcal/mole  Ryn/A | VP AHP veh o AHSh

vap m vap
CT2 0.055 4.35 | -8.42 13.78 -12.45 18.39
CC2 0.074 4.210 1.68 4.27 -0.55 -4.51

Table 7.21. Parameters for linear (CT2) and cyclic (CC2) alkanes and their relative
errors for prediction of molar volume, V,,,, and enthalpy of vaporization, AH,qp,
for cyclopentane (cp) and cyclohexane (ch) at 298.15 K.

erties were based on the assumption of transferability of the intra molecular
potential from linear to cyclic alkanes. This assumption has been applied in
both the Buckingham exponential-6 potential (Errington and Panagiotopoulos,
1999a) and the Anisotropic United Atom potential by Bourasseau et al. (2002a).
The second assumption applied is the unchanged behavior of hydrogen thereby
keeping the Lennard-Jones parameters of the hydrogen atoms from the linear
alkane description. In the last assumption the atomic charges were kept from
the linear alkanes. The only parameters left for the optimization were ecco2 and
oo of the new cyclic methylene carbon atom, CC2. In the objective function
the experimental molar volumes and enthalpy of vaporization for cyclopentane
and cyclohexane at 298.15K were included. The results of the optimization
is shown in Table 7.21 where the relative errors of V,,, are below 2% and the
relative errors of AH,q, are below 5%. The results for V;, are acceptable but
the reproduction of AH,,, could be improved. The maximum relative error
generally applied in optimization of force fields is 2%. Compared to the work by
Errington and Panagiotopoulos (1999a) the present results are acceptable, as
their Buckingham exponential-6 parameter description for cyclohexane could
not be transfered to cyclopentane.

Further development of the cyclic alkane force field description could be per-
formed to reach relative errors of AH,,, below 2% where state transferability
also could be included. The procedure could include determination of par-
tial charges by atomistic techniques like the restrained electrostatic potential
(RESP) method (Bayly et al., 1993; Levy and Enescu, 1998). A possible change
of the partial charges could both give better (or worse) predictions with the
CC2 parameters of Table 7.21. The optimization of Lennard-Jones parameters
could be repeated where only CC2 parameters are included if this does not
result in an improvement compared to previous results it is possible to also
include the Lennard-Jones parameters of the hydrogen atoms.

The generation of a cyclic alkane has paved the way for the optimization of
the cyclic ester or lactone parameters. The transferable parameter description
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Figure 7.26. Atomistic CHARMM description of v-butyrolactone (GBL) and §-va-
lerolactone (DVL).

consists of the ester carbon atom, CDC, the double bonded oxygen, OBC,
and the single bonded oxygen, OSC. The intramolecular parameter description
is taken from the linear ester description where the descriptors are CD, OB
and OS (See methyl acetate in Figure 7.1) and the initial parameters for the
lactones are taken from the existing linear ester parameters. Partial charges
were taken from the linear ester description. This might create problems but the
simple approach is followed (Section 6.3), nevertheless. Missing intramolecular
parameters are taken from similar structures from linear alkanes and esters.
The most sensitive Lennard-Jones parameters are those of the oxygen atoms,
OBC and OSC, which will be included in the optimization.

Experimental data (Table 7.22) show a clear difference in the pure component
properties molar volume, V;,,, and enthalpy of vaporization, AH,,y,, between
equivalent linear esters and lactones. V,, of the linear ester are generally 25%
larger than the lactone values. AH,,, is approximately 15-18 kJ/mol higher
for the lactones which relatively is up to 50% higher. This major difference in
experimental data has to be reflected in the parameter description. Experimen-
tal data of 4 lactones (y-butyrolactone, d-valerolactone, y-valerolactone, and
e-caprolactone) were included in the parameter optimization, and molar volume
data of y-butyrolactone were included covering a small temperature range to
improve the state transferable of the force field. Two force fields were developed
to study how extensive an objective function is necessary for optimization of a
force field which is to be applied in binary liquid simulations for FST analysis.
In optimization of the first parameter set, only molar volume data were in-
cluded and a comparison of experimental and predicted data is listed in Table
7.23. The predicted molar volumes are within 2% of the experimental values
with the exception of -valerolactone. The predicted enthalpies of vaporization
are all poorly predicted. This is not inexpected as the experimental values
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compound M, Vin AHyqp

g/mol  mL/mol kJ/mol
methyl acetate 74.08 79.82 32.6
ethyl acetate 88.11 98.59 35.1
propyl acetate 102.13 115.76 39.8
isopropyl acetate 102.13 117.58 37.2
butyl acetate 116.16 132.59 43.9
[B-propiolactone 72.06 63.07 47.0
~y-butyrolactone 86.09 76.54 53.5
d-valerolactone 100.12 92.77 58.0
~-valerolactone 100.12 94.70 54.8
e-caprolactone 114.14 110.80 62.0

Table 7.22. Comparison of molar volume, V;,,, and enthalpy of vaporization, AHyap
for equivalent linear esters and lactones.

Lactone T/K Vin/mL/mol AHyqp/kJ/mol
exp MD RE/% exp MD RE/%

~-BL 298.15 76.54  76.601+0.53 -0.1 53.5 37.23 30
318.16 7791  77.74£0.57 0.2 - e
338.15  79.32  79.02+0.64 0.4
368.14 81.54  80.91+0.71 0.8 -

~v-VL 298.15 94.70  95.04£0.67 -0.4 548 e

0-VL 298.15  92.77  90.64%0.6 2.3 58.0 354 39

e-CL 298.15 110.80 109.65+0.73 1.0 62.0 33.7 46

Table 7.23. Comparison of molar volume and enthalpy of vaporization for lactones
for parameter set 1 with experimental data. ~-BL: ~-butyrolactone, v-VL: -
valerolactone, 0-VL: d-valerolactone, and e-CL: e-caprolactone.
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were not included in the objective fuunction. In the optimization of the sec-

Lactone T/K Vim/mL/mol AHyqp/kJ/mol
exp MD RE/% exp MD RE/%
~-BL 298.15  76.54  78.09+0.38 -2.0 53.5 63.7 -19
318.16  77.91 78.82+0.41 -2 - XX

338.15  79.32  79.731+0.44 -0.5
368.14  81.54  80.95+0.48 0.7 - e
~v-VL 298.15  94.70  95.084+0.50 -0.4 548 403 27

0-VL 208.15  92.77  91.89+0.44 1.0 58.0 57.8 0.4
eLC 208.15 110.80 109.54+0.51 1.1 62.0 55 12

Table 7.24. Comparison of molar volume and enthalpy of vaporization for lactones
for parameter set 2 with experimental data. ~-BL: ~-butyrolactone, v-VL: -
valerolactone, 4-VL: d-valerolactone, and e-CL: e-caprolactone.

ond parameter set AH,,,-data were include in the objective function and the
results are listed in Table 7.24. The predicted molar volumes are within 2% of
the experimental values, however it was not possible to determine a parameter
set where AH,q, was predicted within 2%. Thus, the results are not entirely
satisfactory, but they are better than those found with parameter set 1.

There are several possible sources of problem with reproducing the enthalpies
of vaporization. One source could be error propagation from the cyclic alkane
parameters where the accuracy of the AH,,, predictions are only 5%. A second
source could be the reuse of the partial charges from the linear esters and
alkanes. The partial charges could be a good starting point for improving the
intermolecular part of the force field.

The optimized parameters are listed in Table 7.25 where the most significant
change is the e-parameters. The difference in molar volume between linear ester
and lactones were reproduced by a combination of modifying both OSC and
OBC parameters for parameter set 1. In the optimization it was attempted to
keep the parameters of the oxygen atoms within range of each other, similar
to the linear ester parameter relations. In order to reproduce AH,,, of the

Parameter init. par. set 1 par. set 2
OBC (double bonded)

€ kcal/mol -0.120 -0.350 -0.640
Ryin A 34 3.29 3.76
OSC (single bonded)

€ kcal/mol -0.152 -0.300 -0.650
Ryin A 3.54 3.30 3.80

Table 7.25. Optimized Lennard-Jones parameters 1 and 2 for lactone force field.
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lactones in the parameter set 2, it was necessary to increase eopc and epsc by
a factor 4-5 and they are significantly larger than any published e-parameters.
This suggests that other steps might be worthwhile considering. Here the
consequences are studied by applying both parameter set 1 and 2 to mixtures
of both ~-butyrolactone and d§-valerolactone with benzene. The description
of benzene is reused from previous cases (see Figure 7.1 or 7.10) the lactone
descriptions are shown in Figure 7.26.

7.6.2 Lactones with benzene

The two parameter sets have been applied to y-butyrolactone - benzene at
293.15K and §-valerolactone - benzene at 293.15K and 313.15K. This has been
done to test both the transferability of the parameter description to different
lactones and secondly to test the state transferability capabilities.

For all cases MD simulations were performed for 9 compositions across the
composition range. 512 molecules used for the mixtures and standard settings
from Section 3.2 were applied.

7.6.2.1 ~-butyrolactone systems

The TCFIs of simulations using both parameter sets are compared with each
other and reverse approach results. For the Huang-O’Connell correlation for
kT no parameter description was available for ~-butyrolactone in the orig-
inal work of Huang and O’Connell (1987). The three parameters C*, V*
and T where optimize to reproduce experimental pure component density-
temperature-pressure data of Thmels and Gmehling (2002) and the parameters
are listed in Table D.1.

In Figure 7.27.a the reproduction of Hi; from reverse approach calculations
is good for parameter set 1, though with some disagreement at lower concen-
trations of ~-butyrolactone where TCFIs from simulations are overestimated.
The results for parameter set 2 are very different, where H;; is very big for
x1 < 0.5 (Fig. 7.27.b). This is caused by self-association, which gives a high
first peak in the g11(r). The g11(r) are compared at two compositions in Figure
7.28.

The reproduction of His in Figure 7.29.a is good in both ends of the composi-
tion scale, but the TCFIs from z; = 0.3 to ;1 = 0.7 Hj2 is too negative which
indicate less random distribution than the experimental data indicate. This
phenomenon is almost taken to the extreme in Figure 7.29.b where the very
negative values of Hys in the range x1 = 0.2 — 0.4 could indicate a liquid-liquid
split. Hso is reproduced with similar accuracy of Hy; and Hi5 for parameter
set 1 in Figure 7.30.a with too positive TCFIs at equimolar conditions. The
profile of Hyy for parameter set 2 gives a maximum of 10 at equimolar com-
position. The benzene-benzene TCFIs from simulations are clearly influenced
by the change in the lactone force field, the only agreement is found at the
lowest concentration of v-butyrolactone (z; = 0.1). This difference between
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Figure 7.27. Comparison of Hi; from ~-butyrolactone (1) - benzene (2) mixture
simulations using parameter set 1 and 2. [J are results from simulation. Lines
are from reverse approach of Wooley and O’Connell (1991), dashed: modified
Margules and dot-dashed: Wilson.
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Figure 7.28. Comparison of g11(r) from ~-butyrolactone (1) - benzene (2) mixture
simulations at two compositions. solid line: CHARMM parameter set 1, dashed
line: CHARMM parameter set 2.
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Hys behavior is a direct consequence of the results for Hy; because the ~-
butyrolactone molecules cluster then the benzene molecules are automatically
forced to be among themselves. The values of AH in Figure 7.31 are gener-
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Figure 7.31. Comparison of AH from ~-butyrolactone (1) - benzene (2) mixture
simulations using parameter set 1 and 2. [ are results from simulation. Lines
are from reverse approach of Wooley and O’Connell (1991), dashed: modified
Margules and dot-dashed: Wilson.

ally too high when compared to the reverse approach. The overestimation at
x1 = 0.2 and z; = 0.3 are caused by the over estimation of H;;, but in the
range 1 = 0.4 — 0.7 the overestimation is an accumulative difference of the
individual TCFIs. For parameter set 2 simulations AH is extremely overesti-
mated which for the most part is due to the high values of Hy; (Fig. 7.27.b).

The different combinations of integration methods of RDFs and objective
functions were applied in the optimization of modified Margules parameters for
the MD results of both CHARMM parameter sets and the optimal modified
Margules parameter descriptions are listed in Table 7.26. For all the results
of from CHARMM parameter set 2 the simplest description was chosen as the
increase in the number of parameters did not reduce the value of the objective
function significantly.

The scores of the modified Margules parameter descriptions are listed in
Table 7.27 where the rough reproduction of the TCFIs of CHARMM parameter
set 1 is carried forward to the pressure predictions where the scores are in
the range 10-20%. An example is shown in Figure 7.32 where deviation from
ideal behavior of the liquid phase is overestimation by the modiied Margules
description from FST analysis.

As already indicated by the reverse analysis a liquid-liquid split is detected
for two of the three modified Margules description determined from simulations
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Method 1 Method 3
SS1 SS1 SS2

CHARMM parameter set 1
Ao 1.658+0.077 1.673£0.051 1.568+0.067
Agy 0.23+0.26 0.92+0.14 0.72+0.13
12 R 1.45+0.59
Q91 e 0.4140.11
CHARMM parameter set 2
A, 2.4640.49 2.624+0.28  2.204+0.036
Aoy -0.2+1.6 0.154+0.94 0.84+0.29

Table 7.26. Modified Margules parameters for v-butyrolactone (1) - benzene (2)
mixture at 293.15 K determined from FST analysis using objective functions SS1
(Eq. 4.2) and SS2 (Eq. 4.3) for results of integration method 1 and 3. Where two
different CHARMM parameter descriptions were applied in MD simulations.

Integration Objective NO. SCORE
method function parameters
CHARMM parameter set 1

1 S5, 2 12.45
3 SS1 4 16.27
3 5SS 2 17.79
CHARMM parameter set 2

1 S5, 2 e
3 S5 2 e
3 S5y 2 38.43

Table 7.27. SCORES (Eq. 5.1) for y-butyrolactone - benzene system at 293.15K
using modified Margules descriptions of Table 7.26 and assuming ideal gas phase.
# liquid-liquid split.
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Figure 7.32. Pressure predictions for ~-butyrolactone (1) - benzene (2) system at
293.15K. The modified Margules applied was determined from FST analysis of
MD simulation using CHARMM parameter set 1 and the objective function S.S;
(Eq. 4.3). O are experimental data from Klein and Svejda (1995).

using parameter set 2. In Figure 7.33 the Gibbs energy of mixing, AG, has
been calculated to exemplify the liquid-liquid split. Similar results are returned
by both modified Margules descriptions giving LLE. Even though the last pa-
rameter set does not predict LLE, stability calculations show that the mixture
is on the verge of splitting into two phases.

7.6.2.2 {-valerolactone systems

The reverse analysis is not possible as no parameter description was available
for the Huang-O’Connell correlation (k7) for d-valerolactone in the original
work of Huang and O’Connell (1987). In addition no experimental density-
temperature-pressure data could be found in literature. The FST analysis was
carried out for the simulation results at both temperatures using CHARMM pa-
rameter set 1 and 2. In Figure 7.34 dinvy;/dz; generated from MD simulations
are displayed using integration method 1 and 3 of the RDFs and comparing
the results of the two CHARMM parameter sets. The results are quite simi-
lar when comparing the integration method 1 and 3. The main reason is the
almost complete convergence of the radial distribution functions from the sim-
ulations and consequently the only difference is the long distance contribution,
H/4, which is added in integration method 3. However the long distance contri-
butions are relatively small compared to H;; and become almost insignificant.
There is good agreement between the derivative generated from experimental
data and the results from applying CHARMM parameter set 1. In the compo-
sition range x1 = 0.3 — 0.6 the derivatives from simulation are too low and at
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Xy

Figure 7.33. Gibbs energy of mixing for y-butyrolactone (1) - benzene (2) system
at 293.15K. The modified Margules applied was determined from FST analysis of
MD simulation using CHARMM parameter set 2 and the objective function S.S;
(Eq. 4.2).

x1 = 0.9 a small positive derivative is given where the experimental correlation
returns small negative values. For CHARMM parameter set 2, dinvy; /dz, from
simulations have an average error above 100% when compared to the results of
the correlation. The modified Margules descriptions generated from the FST
analysis at 293.15K are lised in Table 7.28. At 293.15K the results for 6-

Method 1 Method 3
SS1 SS1 SS2
CHARMM parameter set 1
Ay 1.586+0.091 1.45+0.11 1.79040.093
Aoy 0.11£0.31  0.244+0.38 0.911+0.060
. 3.24+1.5
0.557+0.099

12

Q91 .

CHARMM parameter set 2
Ao 2.484+0.27  2.33+0.42  2.1140.25
As; 0.31£0.92 -0.3+1.4 0.724+0.29

Table 7.28. Modified Margules parameters for J-valerolactone (1) - benzene (2)
mixture at 293.15 K determined from FST analysis using objective functions SS1
(Eq. 4.2) and SS2 (Eq. 4.3) for results of integration method 1 and 3. Where two
different CHARMM parameter descriptions were applied in MD simulations.

valerolactone - benzene are similar to those of y-butyrolactone - benzene where
scores in the area of 10-20 are obtained from the FST analysis of the simulations
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Figure 7.34. J-valerolactone (1) - benzene (2) at 293.15 K. Comparing results of MD

results with the modified Margules correlation. Figures a and ¢ uses the TCFIs
found using integration method 1. Figures b and d use the TCFIs found using
integration method 3. In Figures a and b CHARMM parameter set 1 has been

used in simulations and in Figures ¢ and d CHARMM parameter set 2. Crosses
and solid lines are results from MD simulations. Dashed lines are generated by
modified Margules where the parameters have determined using experimental data

(Klein and Svejda, 1995).
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Integration Objective NO. SCORE
method function parameters
CHARMM parameter set 1

1 SS, 2 11.49
3 SS 2 9.05
3 SSs 4 15.23
CHARMM parameter set 2

1 S5 2 e
3 S5, 2 e
3 SSs 2 32.52

Table 7.29. Scores (Eq. 5.1) for d-valerolactone - benzene system at 293.15 K using
modified Margules descriptions of Table 7.28 and assuming ideal gas phase. *
liquid-liquid split.

using CHARMM parameter set 1. In similar fashion does the FST analysis of
simulations with CHARMM parameter set 2 return results which can not be
applied in any form of predictions for design of equipment for chemical plants.

The results at 313.15 K are similar to those at 293.15 K. If one compares
Figures 7.34 and 7.35 din~v; /dx; from simulations using CHARMM parameter
set 1 is too low at midrange compositions, but in general the trend from ex-
perimental data is reproduced. In Figure 7.35.c-d the difference between the
experimental curves and points from FST analysis of diny; /dx; are similar to
those of Figure 7.34.c-d which again shows the CHARMM parameter set 2 does
not give reliable results.

The modified Margules parameters are presented in Table 7.30 and the scores
of these are presented in Table 7.31 where ideal gas behavior has been assumed.
The scores of the mM descriptions from simulations using CHARMM parameter
set 1 are equivalent to those at 293.15 K and the scores of «-butyrolactone -
benzene with values above 10%. Opposite to the results at 293.15 K no liquid-
liquid split is detected which indicates 313.15 K is above the upper consolute
temperature for the results using CHARMM parameter set 2. The scores are
enourmous and the modified Margules descriptions generated using CHARMM
parameter set 2 are not fit for any use in initial design processes.

An example of the pressure prediction at both temperatures is shown Figure
7.36 where slightly too high pressures are predicted at midrange compositions.

7.6.3 Comment on Lactone Results

None of the binary mixture results presented for lactones show similar accuracy
of previously studied systems where CHARMM parameters were taken from the
work of A. D. MacKerell et al. (1998). This indicates the simple approach is
not sufficient when novel compound groups are studied. For novel systems
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Figure 7.35. d-valerolactone (1) - benzene (2) at 313.15K. Comparing results of

MD results with modified Margules correlation. Figures a and ¢ uses the TCFIs
found using integration method 1. Figures b and d use the TCFIs found using
integration method 3. In Figures a and b CHARMM parameter set 1 has been
used in simulations and in Figures ¢ and d CHARMM parameter set 2. Crosses
and solid lines are results from MD simulations. Dashed lines are generated by
modified Margules where the parameters have determined using experimental data

(Klein and Svejda, 1995).
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Method 1 Method 3
SS1 SS1 SS2

CHARMM parameter set 1
Ao 2.08+£0.14  1.97+0.15  1.313+0.048
Az 0.89+0.13 0.885+0.093 0.771+0.091
ag; 0.90+0.12  0.76+0.16
CHARMM parameter set 2
A 3.17+0.22 3.2240.26 3.084+0.089
Ay 1.46+0.14  1.50+0.15  1.826+0.069
19 6.6+3.8 7.1+4.7 3.58+0.76
a1 1.02+0.14  1.06+0.16 0.77+0.21

n e -1.344-0.17

Table 7.30. Modified Margules parameters for J-valerolactone (1) - benzene (2)
mixture at 313.15 K determined from FST analysis using objective functions SS1
(Eq. 4.2) and SS2 (Eq. 4.3) for results of integration method 1 and 3. Where two
different CHARMM parameter descriptions were applied in MD simulations.

Integration Objective NO. SCORE
method function parameters
CHARMM parameter set 1

1 S5, 4 13.61
3 S5y 4 12.97
3 SSs 2 11.26
CHARMM parameter set 2

1 SS1 4 49.40
3 551 4 50.85
3 SS9 5 60.54

Table 7.31. Scores (Eq. 5.1) for -valerolactone - benzene system at 313.15 K using
modified Margules descriptions of Table 7.30 and assuming ideal gas phase.
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P/kPa
P/kPa

0O 02 04 06 08 1 0O 0.2 04 06 08 1

X4 X1

(a) T=293.15 K (b) T=313.15 K

Figure 7.36. Bubble point pressure predictions for §-valerolactone (1) - benzene (2)
system at 293.15 K and 313.15 K. The modified Margules applied was determined
from FST analysis of MD simulation using CHARMM parameter set 1 and the
objective function SS;1 (Eq. 4.2). O are experimental data from Klein and Svejda

(1995).

a more extensive effort is required both with respect to intramolecular para-
meterization and determination of atomic charges together with optimization
of Lennard-Jones parameters before the parameter description can be applied
in the methodology presented here. However it is still an open question how
exhaustive the objective function needs to be. Which set of pure component
properties should be reproduced accurately by the force field description before
it is sufficient to be applied in the methodology presented in this thesis?
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Conclusion

A methodology has been presented which combines FST analysis with MD
simulations to generate a G¥-description for a binary mixture. The only input
needed are the pure component force field descriptions of the compounds to
be studied. The modified Margules GP-model description contains standard
deviations of the generated parameters which enables uncertainty calculations
of bubble point pressures in VLE predictions.

The key quantity generated in the MD simulations is the angle-averaged
center-of-mass to center-of-mass radial distribution functions. The RDFs have
slow convergence at long distances which can cause divergence of their integrals
(TCFIs). Three methods for overcoming that problem have been studied and
the best results are obtained when combining numerical integration of short-
range RDF with a convergent analytical correlation of the long-range behavior
where previous attempts of Matteoli and Mansoori (1995) were improved. The
method of Weerasinghe and Smith (2003) where the system size is increased was
not found feasible. A strategy for selecting the optimal number of parameters
for the modified Margules model has been presented which is similar to earlier
work where the data to be reproduced was experimental measurements instead
of output from FST analysis.

The FST analysis methodology presented has been applied to several cases
to study strengths and weaknesses of the method. The case studies covered
a large range of conditions and compound types which shows the versatile
nature of the methodology. For systems showing close to ideal behavior, ben-
zene - methyl acetate and methyl acetate - acetone, the pressure predictions
were of great accuracy with scores of 1.41 and 2.54, even though thre is a small-
difference-of-large-numbers problem near ideality. In the case of methyl acetate
- acetone the azeotropic behavior was detected although a double azeotrope was
predicted instead of the single azeotrope of the experimental data. The mod-
erately non-ideal systems, benzene - ethanol and methyl acetate - n-pentane,
were giving equally good results with scores of 2.29 and 1.91. Both systems
contained azeotropic points which were predicted with exceptional precision.
For benzene - ethanol the experimental value was 0.695 and the predicted 0.698.
In the case of methyl acetate - n-pentane the predicted value was equal to the
experimental value. The reverse approach analysis of the benzene - ethanol sys-
tem show reproduction of ethanol - ethanol self association at dilute conditions
by showing high values of the like-like TCFI. The methodology is very accurate
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for non-ideal systems, and acceptably accurate for almost ideal systems.

A simple approach for generation of force field descriptions for novel com-
pounds was proposed. The approach was initially applied to (2H)-heptafluoro-
propane where Lennard-Jones parameters of the dominant F3 molecule were
tuned to reproduce liquid densities. The resulting CHARMM description was
applied in the system ethanol - (2H)-heptafluoropropane which included repro-
duction of experimental VLE data at two temperatures, 283.17K and 343.13 K.
VaporUliquid equilibrium predictions have been obtained when vapor nonide-
alities are ignored (ideal gas), and when estimated second virial coefficients are
used in an ideal vapor solution approximation and with a complete formulation.
At 283.17K with an ideal gas vapor phase the bubble point pressure (P-x) dia-
gram was predicted with a score of 6.77. At 343.13 K, an ideal gas vapor phase
also gave very good results (1.51). Taking vapor non-ideality into account led
to lower, but acceptable scores. The results also showed that the presented
methodology is very competitive when competing against other methods in
prediction of phase behavior.

The simple approach of generation of force field description was finally tested
on a wider scale where the lactone compound group had to be described. The
objective was to generate a description transferable to lactones with different
ring size and also making it state transferable. Two parameter sets were pro-
duced, one reproducing only densities, and a second attempting to reproduce
both densities and enthalpy of vaporization. The parameter sets were tested
on three experimental data sets y-butyrolactone - benzene at 293.15 K and J-
valerolactone - benzene at 293.15 K and 313.15 K. The predictions of the first
parameter set gave score of the magnitude 10-20 and FST analysis of simulation
using the second parameter set resulted in the prediction of liquid-liquid splits.
The simple approach for generation of force field description has shown to be
too simple when working with novel compound groups. However, the method
is applicable in cases where parameters exist for a compound class, but ad-
justments are needed to reproduce a new compound of the same compound
class.

The procedure for setting up, running and analyzing the MD simulations
is simple and straightforward which is an advantage when compared to Gibbs
Ensemble Monte Carlo or similar simulation methods where insertion moves are
needed. Predictions by GEMC methods are in many cases not applicable to
initial design decisions because errors in the prediction of pure component vapor
pressures propagate into the mixture region. This problem is not encountered
with the presented methodology provided experimental vapor pressures are
known. It is questionable if the simulation of the vapor phase is needed at
ambient pressures where the non-idealty if the vapor phase is insignificant.
The work is based on open source software which reduces the cost compared to
commercial software like COSMOtherm. The methodology presented enables
different approaches for handling non-ideal behavior in vapor phase opposite
to COSMOtherm. The methodology has the potential to become an important
tool for chemical engineers in R&D groups due to its simplicity, robustness and
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low cost.
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A

Fluctuation Solution Theory

The theory is known as the statistical mechanical theory of solutions (Kirkwood
and Buff, 1951). The main work lies in deriving the connection between the
fluctuation in composition of the Grand Canonical Ensemble, GCE, and the
radial distribution function, g,g(R). Then they combine it with the relation
between composition fluctuations and the chemical potential, u, for the GCE
and thereby get the relation between the radial distribution function and the
derivative chemical potential with respect to composition. This part is divided
into 4 parts: An introduction to the grand canonical ensemble, the derivation
of the radial distribution function from composition fluctuations, the relation
between the derivative of the chemical potential with respect to composition
and the fluctuation in the composition, and last the relation between the radial
distribution function and derivative of the chemical potential is shown.

A.1 Grand Canonical Ensemble

The grand canonical ensemble is also known as vTyu ensemble because the
volume, the temperature and the chemical potential is held constant. The
general form of the partition function, =, is shown in Equation A.1.

- Np—E;
N,i

N is the number of molecules, F; is the energy, k is the Boltzmann constant

and T is the temperature. The average number of molecules, (N) 4, , in the
simulation box is given by Equation A.2.
5 Nep (t52)
<N>Ayg = — (A.2)

i

Where the variation is given by:

<N2>Avg - (<N>A7jg)2 = kT (W}U ; (A.3)
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For multicomponent system the partition function is given by Equation A.4
and the average number molecules of type « is given by Equation A.5.

ZZ“'ZGXP(Naua—kNng;—f—...—Ei) (A4)

No Ng A

—
—

Nqova+N, +...—E;
ZNQ ZNﬁ"'ZiNanp( alV E;ﬁ )

—
—

(No) = (A.5)
The general formulation in Equation A.3 can be extrapolated to multi-compo-
nent systems where it becomes a matrix which elements take the form shown
in Equation A.6.

0 <Na>Avg
<N0¢Nﬁ>Avg - <N(1>Avg <N[5>Avg =kT 87 (A6)
K v,T,N,

where the subscript IV, denotes that all other number densities are held con-
stant.

The formulation shown above will be used in Section A.3 to derive the connec-
tion to the radial distribution function and derivative of the activity coefficient
with respect to composition.

A.2 Radial Distribution Function

Before introducing the radial distribution function it is necessary to introduce
the relations between average densities in systems of molecules and the fluc-
tuation in density. One has to consider a volume, v, which is a part of an
infinite big system. A test example of the grand ensemble which represents the
behavior of the fluid (a.k.a. its statistical behavior). The volume contains N;
molecules of type 1, No of type 2,,, and N, of type v. For specified configu-
ration, R,;_, of all the molecules the singlet density of component « is named
V&l)(Rl) at point Ry in v and it is defined in Equation A.7. The density of
ordered pairs of molecules of component o' at a point R; and component 3 at
a point Ry is named Z/C(fg (R1,R») and its definition is shown in equation A.8.

Na
V((Xl)(Rl) = Z 6(Ria — Rl) (A7)
=1
N NB
IJRiIR) = 3 SRy, ~R)I(Ri, —Ra) (A8
ta=1kg=1

where § (R;, — Ry) is the 3-dimensional Dirac delta-function which is generally
known as the impulse function Dirac (1958). The integrals over the space, v,

IError in original article at this point. Where it says o8 instead of only .
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of the two density functions are shown in Equations A.9 and A.10 which gives
the nice results as shown.

[ i®de = (A.9)
v
/ vE)(R1Ro)dvidvy = NoNs — Nadas (A.10)

where d,5 in Equation A.10 is the Kronecker delta?.

Now define the same properties for the grand canonical ensemble and they
are called average number densities which is the result of the fluctuations in
the number of molecules. The equivalent of Equations A.7 and A.8 are shown
in Equations A.11 and A.12.

PP (Ry) = <V&1)>Afug (A.11)
pg[;(Rl,Rg) = <V‘g‘2ﬁ)>Avg (A.12)

The equations above can be integrated to find the mean number densities of
the volume, v, both for the singlet density and the density of ordered pairs.

/PS)(Rl)dvl = (Na) 4y (A.13)
//P((fg(RpRz)dmdvg = <NQN[<32>>A — 608 (Na) yy (A14)
vg

To introduce the radial distribution function, ggg(R) we make an integral of

the difference between the density of ordered pairs and the product of their
singlet densities.

/ / PO (R1 Ro) — pll) (Ra)ply) (Ra)dvyduy
2
= |:<NO¢N[(3 )>Avg - <N0t>Avg <N5>Avg - 50‘ﬁ <N04>Avg (A15)

The integral in Equation A.15 can also be calculated using the mean densities
which are shown in the equations below. These are mean densities and can be
used for all fluids, both liquids and gases.

<Na> v
PRy = R =, (A.16)
pORIR) = cacsgl)(R) (A.17)

R = (Ri—Ryp)

25a5:1fora:ﬁand6a520fora7é,8
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Below Equations A.16 and A.17 are introduce into the integral in Equation
A 15.

/ / Pfg(Rl,Rﬁ - P&l)(Rl)P(gl)(Rg)dmdw
v v
/ / cac,@ggg (R) — cacpdvidug
v
ca05v/ (gfg (R) — 1) dv

_ (Na)awg Vo) aug /v (Qfﬁ)(R)*l) dv (A.18)

v

Now it is possible to combine Equations A.15 and A.18 to introduce the con-
nection between the radial distribution function and the fluctuations in the
composition.

(NaNEP) = (Na) gy (No)

v a“'p v &/ Avg B Avg 604

/ (ng(R)—l) dv = v <NA>9 oy — 2 (A19)
a/ Avg B>Avg Ca

In the last term on the right hand side the index should be 3 but the term is

only included when a = 3 thereby it have no influence whether the index is «

or 3. The original article uses o and to assure consistency « is also used here.

A.3 Chemical Potential Relation

In Section A.1 Equation A.6 showed the relation between the fluctuation in
number density and the derivative of the average number density with respect to
the chemical potential at constant temperature and volume. In this section the
objective is to find the expression with the derivative of the chemical potential
with respect to the composition at constant temperature and pressure. The
shift to pressure dependency instead of volume dependency is made because
the Gibbs-Duhem equation (Equation A.27) has to be applied later.

First we define two matrices B which contains the elements generated using
Equation A.6 and G which contains the integral over volume of the radial
distribution function.

ON,
B.s = kT( "‘) (A.20)
? Oy v, T,N,
Gos = / (g((fﬁ)(R)dev (A.21)

By combination of Equations A.6, A.16, A.19, A.20 and A.21 the elements of
B can be expressed by the elements of G.

B = CanGag + Ca5a5 (A.22)
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To get closer to the goal we get the inverse of the B matrix to find the derivative
of the chemical potential, du,/dNg as shown in Equation A.23.

1 ([ Opa 1Blas
— = A2
kT (aNﬂ)TVN7 v|B] (4.23)

| B|os is the cofactor of element B, s and |B| is the determinant of the matrix.
They are explained further in Appendix B.1. As mentioned above we want to
shift dependency from volume to pressure which is done using Equation A.24
which derived in Appendix B.2.

Olia > ( Oty ) Vo Up
= + — (A.24)
<8NB T,V,N, ONg T,P,N, kv

where 7; is the partial molar volume of component ¢ and « is the compressibility
of the mixture. By introducing Equation A.23 into Equation A.24 it is possible
to get a preliminary result where (Opa/ONg)rpN, is described by the elements

of the B-matrix. 5 p— o
Mo _ | |aﬁ . VaUp (A25)
ONg T.P.N, v|B| KV

Using Equations A.26 and A.27 together with Equation A.25 it is possible to
derive the general Equations A.28-A.30. The mathematical operations to get
the resulting equations are available in Appendix B.3.

1 = ) cala (A.26)
a=1
0 = EU:NQ (an) (A.27)
a=1 INp T,P,N,
B
kTk = - > (A.28)
>a=1 25=1 cacs|Blags
_ Zv_l ¢w|Blaw
Vo = v wiv (A.29)
>t 2721 CuCy|Blury
v (aua> C(EiL e (BRBL - BLIB)) .
kT \ N T,P.N, Sy 23:1 cwcyBra

Where B;jl is the ij-element of the inverse B-matrix. The formulation in Equa-
tions A.28, A.29 and A.30 can seem very complex. To simplify the resulting
relations of the binary case is shown below?:

14c1G11 + 2Ga2 + ¢z (G11Ga2 — G3y)

kTk
c1 4 c2+cica (Gii + Gaz — 2Gh2)

(A.31)

3There is an error in the original article by Kirkwood and Buff (1951). In the nominator
of the expression for KTk the brackets are given like: (G11G22 — G12)2 where the squaring
has been misplaced.
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_ 142 (Gaz — G12)
= A .32
v c1+c2+cre2 (Gii + Gaz — 2Gh2) ( )

v [ Om ) Co
A.33
kT <6N1 T,P,N; pc1 + C%CQ (G11 + Gog — 2G12) ( )

The mathematically procedure to get to these results are shown in Appendix
B.4. Last mole number densities are replaced by mole fraction densities in the
derivative.

) (5),, (7%

N | — = N[ === e

<8N1 T,P,Ny Oy P ONy T,P,N
aifl TP N

(), = = (ow)
8951 TP 1—x1 8N1 T,P,N>

N T e
1—21 v per+ cEea (G + Gz — 2G12)
i 1

11+ 162 (Gi1 + Gaz — 2G12)

1 c2 (G114 Gaz2 — 2G12) >
- k| = — A.34
(351 L+ 21c2 (G11 + Gaz2 — 2Gh2) (439

= kT

With the equations available for linking between the integrals of the radial
distribution function and the derivative of the chemical potential only a single
step is missing before it theory is applicable to activity coefficient models.

A.4 Advances by O’Connell

O’Connell (1971a,b) continued the theoretical work and derived the expression
(Eq. A.35) which is the foundation of the methodology of this thesis:

1 /0 1 0
i (0n), = 1 (o)., 0 v e
1 Oln Jdlnzx
B M(( &E;yl)T,P—’—( axll)T.,P><:>
dlny, Opa 1
( Oy >T7P N (8$1>T,P_x1
c2 (G11 + Gag — 2G12)

142160 (Giy + Gag — 2G1)

x9 (Hi1 + Hoo — 2H12)
- _ A.35
14+ z1xo (Hy1 4+ Hao — 2Hy2) ( )
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In Equation A.35 the total correlation function integral, TCFI or H;;, is given
by G;;/v. In the TCFI’s are preferred as they are unit less. Similar expressions
can be derived for isothermal compressibility and the partial molar volume.

1+ 21 Hyy + 22Hao + 139 (Hi1 Hoo — HY)

kKT = A.
pET T (A.36)
— 1+ x9 (Hoo — Hi2)
p— A-

Expressions can also be derived for ternary mixtures where the expressions get
comprehensive (O’Connell, 1971b).



102 Fluctuation Solution Theory




B

FST Supplements

In the sections below you will find elaborated derivations of certain equations

which were left out of the main text.

B.1 Inversion of a Matrix

Here it is shown how to generate the inverse of a 2 x 2 and a 3 x 3 matrix.
First the smallest matrix of the two, where I is the unit matrix:

I = AA!
A — ail az
a1 a2
— 1 @22 —ai12
Al =
|A|{a21 aii

: {
a11022 — 12021

|

a22
—a2i

—a12
a1

The same procedure can be made for the 3 x 3 matrix:

ail a2 ais
A = a1 ag2 G23
a31 asz Ga33

‘ a22 A23 | | ais

asz2 ass a33

_ 1 azz  asi ar
ATl = —

|A| | az3  as1 - asy

‘ a21 Aa22 | | ai2

azr as2 as2

a12
as2
a3
as3
ai1
asi

| a12
a22
| ai2
22
| aii
a21

|

a13
a23
ai3
a23
a12
a22

(B.1)
(B.2)

(B.3)

(B.4)

(B.7)

Each element in the inverse matrix neglecting the prefactor 1/|A] is also called
the co-factor of that element in the A-matrix and the symbo normally used is
|Ang|- Thereby the each element in the inverse matrix can be symbolized by

[Aasl/|A]
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The procedure is more complicated for bigger dimensions and will not be
shown here but the symbolism with respect to the co-factor can also be used
for bigger matrices.

B.2 Switch dependency of j; from constant V' to
P

The change in the chemical potential of compound i is given below

d#i|T,P,n#i = <3’l}> dT + ((;;) dP + Z <8zj )Tdnj (B.8)
J

P Tn \Pinge;

The equation can extracted by replacing dP with the expression:

dP = (ap> av + (813) oT + Z (gp) dn; (B.9)

ov T,n or V.n 5 )1 Vingr,

If equation B.9 is inserted into B.8 then dP can be eliminated and it is possible
to get an expression dependent of the variables dT', dV and dn;.

O . Op; opP
or Pn op Tn or Vin
O 3j
opP Tn ov Tn

3 (8“> + (8“ ) <ap) dn; (B.10)
anj T,Pnpxj op Tn an] T,V,ngxj;

J

dr

d#”i‘T,P,nj;M:

+ av

+

Then equation B.10 can be derived with respect to On; at constant temperature,
volume and mole numbers of other compounds

(&) (5 ) (51 ), (50
an] T,Ving; an] T,Pngx; opP Tn an] T,Vingx;

) @), @)
on; T,Png; "\ 9, T, Pz ov Ton

_ (8/*> nas (B.11)

In the derivation above the following relations have been used

1 [/oV
T B.12
" Vv (8P>T,n ( )
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- <av> (B.13)
on; T,Pnjos;
oP oP
B _<ani>T,V,nj¢i/<a‘/>T,n (B14)
O
B.1
(aP)T,n ( 5)

B.3 Derivation of properties general case
But to get the final expression it is needed to express the partial volumes and the

compressibility factor by elements of the B-matrix. First the compressibility
factor is determined by applying the Gibbs-Duhem equation (Eq. B.17).

> cala = 1 (B.16)
a=1
v a‘ua)
Na< =0 (B.17)
Z ONg T,P,N,

a=1
- Nq |B|aﬂ UaUg
_ o _
Z v ( |B| K

a=1

RS Blas <~ Talp
_ ;cha B —) ca -

a=1
v _ v
B v _
= Z kTCa | |I‘|;[ﬁ - f Z Cqlq <=
a=1 a=1

/- szU:c [Bla (B.18)
k a=1 : |B| .

The Gibbs-Duhem can also be formulated in another way (Equation B.19) as
shown below which gives a variation of Equation B.18.

v 8ﬂla
()
52::1 INp T,P,N,

I
=

(B.19)

v |B| K

B=1

- Blasg  ~—~ Ul
= D KTesg =D jeo—=
s=1 Bl o s
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<A
Q

- ‘B|aﬁ

= = KT cs B (B.20)
p=1

The formulation shown in Equation B.18 is used by Kirkwood and Buff in their

article Kirkwood and Buff (1951) and will be used here. The second last step

in the isolation of x is done using Equations A.26 and B.18 where the c3 is

multiplied onto the eqautions.

v

Cala . Y Y |B‘a,g
Z - = ;ca;kT@g B| &

a=1

1 ET & -
~ = m2_Ca) csBlas &

© T OBl

Bl

KTk = = =
>a=1Ca 25=1 cg|Blag

B

= = (B.21)
Dzt Zg:l cacs|Blags

Equation B.21 can be inserted into Equation B.20 and a general expression for
the partial molar volume is the result.

b = D1 Cw|Blaw
“ Dt Zi),:l CwCy[Bluy

with all properties in Equation A.25 described by the B-matrix it is possible
to derive a general form the later equation only using elements from B.

(B.22)

EZ:l CW|B‘awEZ=1CW‘B|gW
1)(8/-/«1) = |B|aﬁ_ (23:122:1%6’”]3@7)
kT \ON, B IB|
P/ T.PN, Bl T ST, coc,Bl,
1 Bl — >t CwlBlaw 22:1 cyBlay
(0%
Dt Z»vy:l CwCy|Blury

B
1 <ZZ_1 23:1 CwCy[Blag|Bluy
B D=1 23:1 CwCy[Bluy
B Dt 23:1 ch’y|B|aw|B|ﬁv>
Dt Zg:l CwCy[Bluy
1 (ZZ:l szy:l CwCy (|BlasBluy — |B|awB|ﬁ'y)>

B 22:1 23:1 CwCy|Bluy

v v —1lp-— — -1
_ Zw:l Z'y:l CwCy (B,BaB"/u.lz - chltB'y[-}) (B 23)
2t 22:1 cucy By
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B.4 Derivation of properties for binary case

Here the mathematically steps from the general formulations of to the final
expressions are shown for the binary system. The first derivation is for the
compressibility factor, k. First the B-matrix is shown.

a1+ GG ceGro
c1c2Gr2  co + c3Ga
B

ci|Bu1| + ¢3|Baa| + 2¢1¢2| Bia|

(61 + C%GH) (62 + C§G22) — C%C%G12
2 (ca + 3Gas) + 3 (c1 + 3G11) — 2¢3c3G1a
c16y + 163G + 2caGry + c3c3G11Gan — c2c2Gha

Aeyg+ A3Ga + 163 + Ac3G1 — 2¢3c3Ga
14 c1G11 + 2Gag + c1¢3 (G11Ga2 — G12)
c1 +c2 + c1e2Gr1 + c1e2Gaz — 2¢162G12
1+ c1G11 + c2Gaz + 12 (G11Ga2 — Gi2)

c1 + o+ crca (Gii + Gag — 2G12)

B

KTk =

Next is the partial molar volume, ;.

c1|B11| + ¢2|Bi2]
1|B11| + ¢3|Baa| 4 2¢1¢2|Biy|
1 (02 + C%GQQ) — 162G
ci (ca + 3Ga2) + 3 (c1 + c1G11) — 2¢1c3Ghz
1+ c2Gaz — c2G1a
c1+ ¢+ 3+ c1ca (G11Gag — 2G12)

Only one of the four possible derivatives is shown here.
v (@n) _ (Zi—l Zi:l cucy (BT B — B;%B;11)>
KT\ ON T,P,N a 22:1 23:1 CwCWB'?c}
1
B! + By, + 2c16B
(Cf (]31_11]31_11 - Bl_llBl_ll)
+eiez (B By — B By)')
tea0n (]31_11]32_11 - B2_11B1_11)
+¢ (B By — By By)'))
¢ (Bi'Byy — By'By)')
B! + By, + 2c16:BLy
c3|B|
BTy + By +2c16By
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1 c3|B|
‘B| C%BQQ + C%BH — 26102B12

2
2

e3B11 + 2Bay — 2c162B1o

2
2

Cg (61 + C%Gn) + C% (Cg + C%Ggg) — QC%C§G12
C2
Co (61 + C%Gu) + C% (1 + CQGQQ) — 26%02G12
C2
coc1 + 1 + g (Gi1 + Gaz — 2Gh2)
C2
pcr + ciea (Gi1 + Gaa — 2Gh2)
1 C2
c1c1+co+cica (G + Gz — 2Gh2)

(B.24)

(B.25)

where p is the number density as given in Equation B.26 for the binary case.

N N N

+ 7 =cC1 + Co (B26)

v (%

B.5 From Mole Numbers to Mole Fractions

For a binary composition it is to change from mole numbers to mole fractions.

1

kT

(

O

5‘11

)

L N O
le*l’l 8N1 T,P,No

N 1 C2

v (1 — 131) a c1+ c2 4+ cre2 (G11 + Gag — 2G12)
N o 1

e N | N

vre X1 o+ T (G + Gao — 2Gho)

where Equation B.28 has been used to reduce the expression.

1
x1 1+ 2102 (G11 + Gag — 2G12)
1 (G + Gar —2G12) (B.27)
z1 14+ x1c2 (Gr1 + Ga2 — 2G12) '
Ny 1

C2 > N T2

2 _ == B.28

TR T (529
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CHARMM Parameter Tables

atom  description q
benzene

CA aromatic carbon -0.115
HP aromatic hydrogen 0.115
ethanol

H alcohol hydrogen 0.430
OH1 alcohol oxygen -0.660
CT2  methylene carbon 0.050
CT3  methyl carbon -0.270
HA alkane hydrogen 0.09
methyl acetate

CT3 methyl carbon (acetate) -0.17
CD acetate carbon 0.63
OB acetate oxygen (double bond) -0.52
(O} acetate oxygen (single bond) -0.34
CT3 methyl carbon (single oxygen bond)  -0.14
HA alkane hydrogen 0.09
n-pentane

CT3  methyl carbon -0.27
CT2  methylene carbon -0.18
HA alkane hydrogen 0.09
acetone

CT3  methyl carbon -0.27
HA alkane hydrogen 0.09
CC ketone carbon 0.55
O ketone oxygen -0.55

Table C.1. Atom descriptions and charges taken from the CHARMM force field.
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Table C.2. Atom descriptions and charges taken from the CHARMM force field.

atom description q
(2H)-heptafluoropropane

CF1  single fluoro bonded carbon 0.11
CF3  triple fluoro bonded carbon 0.45
HF1  hydrogen 0.11
F1 fluor bonded to CF1 -0.22
F3 fluor bonded to CF3 -0.15
cyclohexane

CC2  cyclic methylene carbon -0.18
HA alkane hydrogen 0.09
cyclopentane

CC2  cyclic methylene carbon -0.18
HA alkane hydrogen 0.09
~v-butyrolactone

CC2  ether bonded methylene carbon -0.07
CC2  cyclic methylene carbon -0.18
CC2  ester neighbour methylene carbon -0.10
CDC  ester carbon 0.67
OBC double bonded ester oxygen -0.52
OSC  single bonded ester oxygen -0.34
d-valerolactone

CC2  ether bonded methylene carbon -0.07
CC2  cyclic methylene carbon -0.18
CC2  ester neighbour methylene carbon -0.10
CDC ester carbon 0.67
OBC double bonded ester oxygen -0.52
OSC  single bonded ester oxygen -0.34
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bond Ky /kcal/mole/A? by /A

CA-CA 305.0  1.375
CA-HP 340.0  1.080
OH1-H 545.0  0.960
CT2-OH1 428.0 1.420
CT2-CT3 222.5  1.538
CT2-HA 309.0 1.111
CT3-HA 322.0 1.111
CT3-CD 200.0  1.522
OB-CD 750.0  1.220
0S-CD 150.0 1.334
0S-CT3 340.0  1.430
CT2-CT2 2225  1.530
CT3-CT2 222.5  1.528
CT3-CC 200.0 1.522
0-CC 650.0  1.230
CF1-CF3 230.0  1.520
F1-CF1 4200 1.374
F3-CF3 265.0  1.340
CF1-HF1 342.0 1.0828
CC2-CC2 2225  1.530
CC2-HA 309.0 1.111
CC2-CDC 200.0  1.522
0SC-CC2 340.0  1.430
OBC-CDC 750.0  1.220
0SC-CDC 150.0  1.334

Table C.3. Bond vibration parameters taken from the CHARMM force field.
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angle K@ 90 KUB S(]
kcal kcal A
mole-rad? mole-A2

CA-CA-CA 40.00 120.00 35.00 2.4162
CA-CA-HP 30.00 120.00 22.00 2.1525
H-OH1-CT2 57.50 106.00 x e
OH1-CT2-CT3 75.70 110.10

OH1-CT2-HA 45.90 108.89 e e
CT2-CT3-HA 34.60 110.10 22.53 2.1790
CT3-CT2-HA 34.60 110.10 22.53 2.1790
HA-CT2-HA 35.50 109.00 5.40 1.8020
HA-CT3-HA 35.50 108.40 5.40 1.8020
CT3-0S-CD 40.00 109.60 30.00 2.2651
HA-CT3-CD 33.00 109.50 30.00 2.1630
OB-CD-CT3 70.00 125.00 20.00 2.4420
0S-CD-CT3 55.00 109.00 20.00 2.3260
0S-CD-OB 90.00 125.90 160.00 2.2576
0OS-CT3-HA 60.00 109.50 .- e
CT2-CT2-CT2 58.35 113.60 11.16  2.5610
CT2-CT2-CT3 58.00 115.00 8.00 2.5610
CT2-CT2-HA 26.50 110.10 22.53 2.1790
CT3-CC-CT3 50.00 116.50 50.00 2.4500
HA-CT3-CC 33.00 109.50 30.00 2.1630
0-CC-CT3 15.00 121.00 50.00  2.4400
F3-CF3-F3 118.00 107.00 30.00 2.1550
F1-CF1-HF1 57.50 108.89 5.00 1.9970
CF3-CF1-CF3 53.35 111.00 8.00 2.5610
HF1-CF1-CF3 34.50 110.10 22.53 2.1790
F3-CF3-CF1 42.00 112.00 30.00 2.3570
F1-CF1-CF3 44.00 112.00 30.00 2.3690
CC2-CC2-CC2 58.35 113.60 11.16  2.5610
HA-CC2-CC2 26.50 110.10 22.53 2.1790
CC2-CC2-CDC 52.00 108.00 x e
CC2-0OSC-CDC 40.00 109.60 30.00 2.2651
HA-CC2-CDC 33.00 109.50 30.00 2.1630
OBC-CDC-CC2 70.00 125.00 20.00 2.4420
OSC-CDC-CC2 55.00 109.00 20.00 2.3260
0OSC-CDC-0OBC 90.00 125.90 160.00 2.2576
0SC-CC2-CC2 75.70 110.10 - e
0OSC-CC2-HA 60.00 109.50

Table C.4. Bond angle and Urey-Bradley parameters taken from the CHARMM
force field. (---) indicate that no Urey-Bradley terms is applied for this atomic
pair.



CHARMM Parameter Tables

113

dihedral angle K, /kcal/mole n )

CA-CA-CA-CA 3.100 2 180.00
CA-CA-CA-HP 4200 2 180.00
HP-CA-HP-CA 2400 2 180.00
OH1-CT2-CT3-HA 0.160 3 0.00
H-OH1-CT2-CT3 1.300 1 0.00
H-OH1-CT2-HA 0.140 3 0.00
X-CT2-CT3-X 0.160 3 0.00
OB-CD-0S-CT3 0.965 1 180.00
OB-CD-0S-CT3 3.850 2 180.00
X-CD-0S-X 2.050 2 180.00
X-CT3-CD-X 0.000 6 180.00
X-CT3-0S-X -0.100 3 0.00
CT3-CT2-CT2-CT2 0.150 1 0.00
X-CT2-CT2-X 0.195 3 0.00
0O-CC-CT3-HA 0.000 3 180.00
X-CT3-CC-X 0.050 6 180.00
HF1-CF1-CF3-F3 0.158 3 0.00
F3-CF3-CF1-F1 0.185 3 0.00
F3-CF3-CF1-CF3 0.158 3 0.00
CC2-CC2-CC2-CC2 0.150 1 0.00
X-CC2-CC2-X 0.195 3 0.00
OBC-CDC-0OSC-CC2 0965 1 180.00
OBC-CDC-0OSC-CC2 3.850 2 180.00
X-CC2-CDC-X 0.000 6 180.00
X-CC2-0S5C-X -0.100 3 0.00
X-CDC-0OSC-X 2.050 2 180.00

Table C.5. Dihedral angle parameters taken from the
can be any atom.

CHARMM2T7 force field. X

dihedral angle K, /kcal/mole g
CD-X-X-OB 100.00 0.00
OBC-X-X-CDC 100.00 0.00

Table C.6. Improper dihedral angle parameters taken from the CHARMM27 force

field.
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atom € Ryin/2 el RI-2/2
kcal/mole A kcal/mole A

CA -0.0700  1.9924 e

HP -0.0300  1.3582

H -0.0460  0.2245

OH1 -0.1521 1.7700 e e

CT2 -0.0550  2.1750 -0.0100  1.9000

CT3 -0.0800  2.0600 -0.0100  1.9000

HA -0.0220  1.3200 e e

CD -0.0700  2.0000 e s

OB -0.1200  1.7000 -0.1200  1.4000

0S -0.1521 1.7700 e e

CC -0.0700  2.0000 e x

O -0.1200  1.7000 -0.1200  1.4000

CF1 -0.0600  3.8000 e e

CF3 -0.0390  3.7900

HF1 -0.0280  2.6400

F1 -0.1350  3.2600

F3 -0.0970  3.2440

CC2 -0.0740  2.1050

CDC -0.0700  2.0000

Lactone parameter set 1

OBC -0.3500  1.6450 -0.1200  1.4000

0SC -0.3000  1.6500 e e

Lactone parameter set 2

OBC -0.6400  1.8800 -0.1200  1.4000

0SC -0.6400  1.9000 e e

Table C.7. Lennard-Jones parameters taken from the CHARMMZ27 force field. - - -
indicate that no special parameters are used for 1-4 interactions.
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D

Parameters for Reverse
Approach Analysis

compound C V/mL/mol T/K
benzene -55.725 85.524 473.37
ethanol -23.744 57.834 508.26
methyl acetate  -63.4474 72.731 428.005
n-pentane -7.48978 135.279 628.365
acetone -35.0617 72.3087 566.224
~-butyrolactone -55.7 85.52 473.0

Pure Component parameters for Huang-O’Connel correlation (Huang
and O’Connell, 1987) for reverse approach analysis. The binary mixture parameter
k12 was st to zero in all the case studies.

T/K Aqs Aoy Qg2

Q21

benzene(1) - methyl acetate (2)
303.15 0.260 0.254
ethanol(1) - benzene(2)

208.15 3.064 1.638  8.420
methyl acetate (1) - n-pentane (2)
208.15 1.5918 1.6359 0.5203
methyl acetate (1) - acetone (2)
323.15 0.1079 0.1236
~-butyrolactone(1) - benzene(2)
203.15 1.2225 0.3955 0.5450
d-valerolactone(1) - benzene(2)
293.15 1.5505 0.5168 3.9707
313.15 1.5419 0.4242 3.1651

1.349

0.6229

0.1230

0.8282
0.6758

2.088

0.4517

-0.6090

-1.1225

Table D.2. Modified Margules parameters for reverse approach analysis
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compound compound T Vi1 V2
1 2 K mL/mol mL/mol
benzene methyl acetate 303.15  80.5217 90.001
benzene ethanol 298.15 89.5022 58.5159
methyl acetate n-pentane 298.15 80.000 115.26
methyl acetate acetone 323.15 82.864 76.673
~y-butyrolactone benzene 293.15 77.58 91.03

Table D.3. Molar volumes for reverse approach analysis

compound compound T Ao Aoy
1 2 K J/mol J/mol
benzene methyl acetate 303.15 666.7838 3.1325
benzene ethanol 298.15  736.0560 6992.556
methyl acetate n-pentane 298.15 3261.17  1590.14
methyl acetate acetone 323.15 -397.8058 737.8990
~v-butyrolactone benzene 293.15 4511.96 -1074.78

Table D.4. Wilson parameters for reverse approach analysis

Compound 1  ethanol
Compound 2 benzene

T/K 298.15
Vo/mL/mol  0.09871
Vi/mL/mol  0.5741
Vao/mL/mol  0.03247
Va/mL/mol  0.3793
Vi/mL/mol  0.3591

Table D.5. Handa-Benson VF correlation parameters for reverse approach analysis.
For the rest of the system no VF term was used in the calculation of the molar
volume of the mixtures.
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List of Abbreviations

AA All Atom

AUA Anisotropic United Atom

GCE Grand Canonical Ensemble

GEMC Gibbs Ensemble Monte Carlo

GFEI Gibbs Free Energy Integration

IFPSC Industrial Fluid Phase Simulation Challenge

LLE liquid-liquid equilibrium

MD Molecular Dynamic

MM Molecular Modeling

QM Quantum Mechanic

SCD Screening Charge Density

SLE solid-liquid equilibrium

TCFI Total Correlation Function Integral

TraPPE-EH Transferable Potentials for Phase Equilibria - Explicit Hydrogen
TraPPE-UA Transferable Potentials for Phase Equilibria - United Atom

VLE vapor-liquid equilibrium



