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Abstract:

Polytetrafluoroethylene (Teflon®) is encountered in many environments — frying pans, clothing,
osmotic distillation membranes, to name a few — yet the solubility and clustering behaviour of water with
this material was not found in the open literature. This information may be useful in applications where an
absence of water is desired, such as in clothing and textiles. Previous work on polyethylene + water has
shown that small water clusters form in the amorphous portion of the polymer. This work investigated this

phenomenon for the case of polytetrafluoroethylene + water.

Initially, a test system of light alcohols + water + n-dodecane was investigated using Gibbs
Ensemble Monte Carlo simulations and compared to previous laboratory experiments. This test system
was investigated in order to gain expertise in the methodologies and theory behind Monte Carlo
simulation, as well as to gain experience with using the necessary software. For this test system, it was
found that the TraPPE parameters representing the interactions between the alcohols and the n-dodecane

were not adequate and lead to increasing deviations with increasing carbon number in the alcohol.

To replicate the conditions of the amorphous polymer matrix, liquid-liquid equilibrium between
water and the polymer was investigated. Gibbs Ensemble Monte Carlo simulations have been performed
for systems of perfluoroalkanes and water to determine the influence of temperature and carbon number
on the solubility and clustering behaviour of water within the perfluoroalkanes. The temperature range in
this study was from 450 K to 600 K, and the perfluoroalkane carbon number range was from 8 to 300
carbon atoms. With increasing carbon number, it was found that there was an asymptotic value of 98.0
mole percent water in the polymer phase. With increasing temperatures it was found that there were
exponential increases in solubility of water into the polymer matrix. Previous work on clustering and
supramolecular structure of perfluoroalkanes described the rigidity of the perfluoroalkane chains in
comparison to alkane chains, thus explaining the large increases in free volume with increasing
temperature in the polymer matrix observed in this work. A discontinuity with regard to both solubility
and clustering behavior was observed for a polymer carbon number of 10 to 12 carbon atoms. Prior work
on the energy contributions towards the helical structure of perfluoroalkanes showed a shift in the energy
contribution regime for carbon numbers larger than ~10 carbon atoms, which may explain this
discontinuity. It was found that linear water clusters accounted for up to ~90 percent of the water clusters,

concurring with previous work on water clustering in polyethylene.
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Nomenclature:

Latin symbols:

A Bond angle.

C The number of chemical species in a system.

c Torsional potential energy model parameter.

D Dihedral angle formed between two adjacent pairs of atoms or molecules.
F The degrees of freedom of a system (thermodynamic).

k Model parameter.

k; Interaction parameter to account for non-idealities between elements “i” and “j”.
1 Bond length.

P The number of phases in a system.

q Electrical charge.

r Intermolecular/interatomic distance.

U Potential energy.

Greek symbols:

£ Lennard-Jones parameter describing the potential well depth.

& The permittivity of free space.

T The ratio of a circle's circumference to its diameter.

2 Denotes a summation of the elements of a series or set.

o Lennard-Jones parameter describing the distance at which the potential function equals zero.
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Subscripts:

A rest value at equilibrium.

0,1,2.3,... Subscripted numerical identification of torsional potential energy model parameters.

bend Associated with bond bending.

Associated with the Coulombic (electrostatic) potential.

Coulombic

g Describes the interactions between the i and the j* elements.

. Associated with the Lennard-Jones potential.

wetch  Associated with bond stretching.

Associated with torsion (i.e. dihedral twisting).

torsion



CHAPTER 1: INTRODUCTION

In order to predict the interactions of chemical species during the process design stage of any
engineering project, it is vital that experimental measurements be undertaken. From such measurements,
the desired properties can be measured, and possibly have existing models fitted to them, in order to aid
prediction at varied conditions. One shortfall with physical experiments is feasibility, as certain conditions
may not be attainable in many laboratories. To this end, molecular simulation can prove useful, since it is
not constrained by such physical limitations. Additionally, simulating systems at the molecular level can
provide insight that would otherwise be impossible to gain via macroscopic physical experiments.

The work to be described in this project concerned the interactions of polytetrafluoroethylene
(PTFE), otherwise known by its DuPont trademarked name Teflon®, with the common industrial solvent
water. Molecular studies on these interactions have been lacking in the open literature, and since PTFE is
found in many applications, such a study could prove useful. For example, PTFE is already in use in
membrane processes; such as fuel cells, as discussed by Lin et al (2005), and osmotic distillation, as
discussed by Courel et al (2000). PTFE is also used in many common, everyday applications, such as a
hydrophobic coating for frying pans and textiles, and also as a tape used to seal pipe joints. The chemical
inertness of PTFE, due to its fluorine sheath, may also make it an attractive material for other applications

in the future.

The course that was to be followed in this work was to determine the solubility of water in the
perfluoroalkane phase over a range of temperatures and carbon numbers. This would allow for any trends
in terms of these variables to be determined, which would be useful for any future design or research
work. In addition, the clustering of water molecules in the perfluoroalkane phase would be analyzed, as
this would show the behavior of the water at a molecular level. Both of these approaches would be
compared to previous work on polyethylene by Johansson and Ahlstrom (2007) and Johansson et al

(2007).

In order to become familiar with molecular simulation procedures and methodologies, a test

system was initially measured. This was necessary since molecular simulation did not form any part of



the undergraduate curriculum which was studied prior to this project. The test system chosen was that of
light alcohols + water + n-dodecane, namely; methanol + water + n-dodecane at T = 313.14 K and P =
101.325 kPa, and T = 350 K and 400 K and P = 600 kPa, and ethanol/isopropanol + water + n-dodecane
at T=333.15 K and P=101.325 kPa, and T = 350 K and 400 K and P = 600 kPa. These systems were a
continuation and extrapolation of previous work done on light alcohols + water + n-dodecane by Lasich et
al (2011). The simulation of such systems would also illustrate the predictive capacity (or lack thereof) of
molecular simulation in predicting phase equilibria. It would also allow for comparison with experimental
data. This comparison would then allow one to determine whether or not the models used in such
simulations should be used in an industrial application. If the simulation models do not provide a close
match to the experimental data, then it would illustrate the limitations of said models in industry. It should
be noted that some of the temperatures used in the simulations (i.e. 350 K and 400 K) could not be
attained using the LLE apparatus in the Thermodynamics Research Unit.

With regard to simulating the systems of water + polymer, an important aspect to note was that
water condenses on the sample surface at temperatures greater than ~0.7 T, according to Johansson et al

(2007). This may be seen to be due to the gravimetric nature of these experiments. The procedures which
are followed for such tests are contained within standards such as, for example, ASTM D5229/D5229M-
92. This translates to a temperature of approximately 453 K.. Since this is within the temperature range
required to form the polymer molecules into an amorphous mass, experimental measurements of water
solubility into the polymer would be inaccurate, and thus molecular simulation would be a preferred

option.

For the simulations of the solubility of water with perfluorocarbons, the procedure of Johansson
et al (2007) was used. This entailed the simulations of a specific carbon number over a wide temperature
range, followed by the simulations of of systems of water + perfluoroalkanes. The perfluoroalkanes in
these systems contained varied chain lengths. This constant temperature would have to be sufficiently
high to result in a LLE situation for all carbon numbers, including the polymers, in order to simulate the
amorphous portions of the solid polymer. The amorphous portion of the polymer are more akin to the
liquid phase, in that there is no regular structure within it, and thus it is considered to be amorphous. The
simulations for variable carbon number at a fixed temperature would illustrate the effect of the molecule
size on the solubility of water in the perfluorocarbon. The simulations for varied temperature values at a
fixed carbon number would then illustrate what effect temperature would have on the solubility of water
in the perfluorocarbon. As illustrated in the work of Johansson and Ahlstrom (2007) and Johansson et al
(2007), the general trend which may be observed in this work would be that of an increase in water

solubility in the organic phase with an increase in carbon number. As the solubility of the water is



temperature- and not pressure-dependent, according to Tsonopoulos (1999), one could expect that the
solubility determined in this work would greatly increase with temperature, which was also observed in

the aforementioned work of Johansson and Ahlstrém (2007) and Johansson et al (2007).

The importance of analysing the clustering of water molecules within a polymer matrix may be
illustrated by work such as that of Johansson (2007). In this study, it was found that clustering of water
molecules around charged ions withing the polyethylene (PE) matrix cause degradation of the polymer
over time. Therefore, determination of the clustering behaviour of water with respect to temperature and
polymer carbon number will then illustrate the possibility or lack thereof of degradation of the polymer

with respect to these two variables.

It should be noted that the approach of studying the systems of light alcohols + water + n-
dodecane as well as water + perfluoroalkanes/PTFE will inevitably result in two disparate parts to the
body of the study presented in this dissertation. However, closer examination may illustrate that these two
parts are not entirely dissimilar. Both studies involve the analysis of liquid-liquid equilibria by way of
Monte Carlo simulation using the Gibbs ensemble. In addition, both studies involve the use of the same
model (i.e. transferrable potentials for phase equilibrium) for alcohols, alkanes and perfluoroalkanes,
which illustrates the transferrable nature of this model. Also, two very similar, related models were used
for water in these two studies (i.e. simple point charge and simple point charge-extended), illustrating the

application of models which, although not identical, are nonetheless intimately related.



CHAPTER 2: THEORETICAL BACKGROUND

2.1 Theoretical considerations:

The theory to be discussed in this chapter is only that which is immediately relevant to the project
at hand, such as non-standard algorithms and procedures which were necessary for the project. There
were many standard texts to be found on the elementary theory required for this work. For an excellent
overview and description of molecular simulation itself, Frenkel & Smit (2001) is a useful text. Smith et
al (2005) provides a good discussion of thermodynamic fundamentals and molecular thermodynamics.
Haile & Mansoori (1983) also provides a good discussion of molecular thermodynamics, and also delves
into some fundamentals of Monte Carlo simulations. Two volumes from the work of Landau and Lifshitz
(1980) are also useful as a reference for information regarding statistical mechanics and statistical
physics, which are fundamental to molecular simulation. In addition, previous studies from the
Thermodynamic Research Unit on molecular simulation can be found in the work of Du Preez (2005),

Clifford (2006), McKnight (2006) and Moodley (2008).

2.1.1 Intra- and intermolecular interactions & mixing rules:

To determine the total potential energy of any system of molecules, one needs to account for not
only the intermolecular interactions, but also the intramolecular interactions, which can become rather
significant as the molecules themselves become larger. The total potential energy is then the sum of the
intermolecular and intramolecular components and the electrostatic energy. It should be noted that all of
the equations presented below are included within the Transferrable Potentials for Phase Equilibrium-
United Atom (TraPPE-UA) model of Martin & Siepmann (1998).

The stretching of inter-atomic bonds results in an associated deformation energy. This is usually

modeled by means of a Taylor series centered at the equilibrium bond length;

U, =U+dU/dl(1-1)+(1/20)dU/de (-1 +... Eq. (1)

stretch



The base energy, U, is usually set to zero, since this is merely a reference point, and internal

energy is a relative value. Commonly, terms higher than the quadratic term are ignored, as their
contribution to the total stretching potential energy is insignificant. Also, since the change in stretching

potential is zero at the natural bond length, the whole series simplifies to a harmonic potential,

parameterized by a stretching constant, k.

Ustretch = (kstretch) (1 - 10)2 Eq (2)

Figure 2-1: Illustration of intramolecular bond stretching.

When a molecule consists of 3 or more atoms or atomic groups, then a bond angle, 4, naturally
forms. While often represented in elementary chemistry texts as a constant value, it is in fact subject to
slight variation due to electrostatic interaction as well as the geometry and packing of nearby atoms and

molecules. This potential energy is parameterized in a similar manner to the stretching potential energy,

using the bending constant, k, ., based upon the rest bond angle, A ;

Upena = Kiepo) (A=A Eq. (3)



Figure 2-2: Illustration of intramolecular bond bending.
Once a molecule consists of four or more atoms, twisting, or torsional potential energy, comes

into play. This torsion is parameterized according to the dihedral angle, D, formed by adjacent pairs of

atoms or atomic groups, usually by means of a cosine series with several parameters, ¢, such as;

U, o= (€,) T (c)) (1 + cos[D]) + (c,) (1 -cos[2D) + (c,) (1 + cos[3D]) Eq. (4)

Figure 2-3: Illustration of intramolecular torsion.

However, it is possible for variations in this regard, as there are often several ways to
parameterize the torsional potential energy. This is to be seen later on in this work in chapter 2.1.8, where

a different functional form of the torsional potential energy was used for perfluorinated alkanes, in the



interests of improved accuracy.

In addition to these aforementioned intramolecular interactions, one should also consider the
intermolecular interactions, namely the attractive van der Waals force and the Pauli repulsion. The former
of these forces results in a long-range attraction between atoms and molecules, whilst the latter results in
repulsion at shorter ranges. The van der Waals attraction is caused by the intermolecular correlation of
electrons between atoms. The work of Lennard-Jones (1931) led to the development of a formula to

calculate the van der Waals interaction;

ULJ:48ij [(Oij /rij)12 - (Oij /rij)é] Eq. (5)
1.5E+02 -
1.0E+02 -
£ 5.0E+01 -
Z
=
e o
o >
& 0.0E+00 ! . . ; . .
( 2 1 6 8 10 12 14
-5.0E+01 - &
v
-1.0E+02 -
Distance (Angstroms)

Figure 2-4: Sample graph of the Lennard-Jones potential for the water + methyl pair.

This van der Waals potential is thus the interaction between different Lennard-Jones groups. This
formula has been improved upon since 1931, and there are now several more accurate methods for
calculating the van der Waals energy, with the iterative exponential-6 model of Buckingham (1938) being

a notable example to be found in the fundamental literature.



Calculating the electrostatic interactions is a complex procedure, in which one would use an
extension of the same equation used to determine the Coulombic potential energy between two point

charges;

Ucoutombic = 4 / 4TE Eq. (6)
However, it is important to note that the relationship presented above in eq. (6) only ever applies
to two distinct point charges. In determining the electrostatic interactions between elements of a much
larger system, such as in a molecular simulation, the complex Ewald summation is often used. This
summation technique accounts for the long-range effects of the Coulombic forces. The long ranges of
these forces preclude the use of tail corrections after truncation. This technique has been discussed
previously by Ewald (1921) de Leeuw et al. (1980a, 1980b and 1983) and Frenkel and Smit (2002).
One must also consider that the interacting sites between molecules are heterogeneous, and to
account for this, mixing rules are used. The well-known Lorentz-Berthelot mixing rules, from the work of
Lorentz (1881) and Berthelot (1898), use simple averages to find the cross-term parameters for each i-j

pair;

g, = (g, &) Eq. (7)

i jj

0;=0.5 (0, + JJJ) Eq. (8)

Thus, by use of equations (2) through (8), it becomes apparent that there are clear parameters

which need to be specified, such as k c,, and so forth. It is by choosing a particular model, such as

stretch?
TraPPE-UA (to be discussed further along in chapter 2.1.5), that one would assign values to these

parameters, and these parameters form the core of any simulation.

2.1.2 Monte Carlo simulations:

In order to simulate systems of atoms or molecules, there are two primary approaches one can
use; Molecular Dynamics (MD) and random sampling, or the Monte Carlo (MC) approach. Molecular
dynamics involves the determination of the forces on each molecule due to interactions with other

molecules (due to, for example, electrostatics). The magnitudes of these forces are then used to determine



the motion of each molecule over time, according to Newton's laws of motion.

The random sampling approach is different to the MD approach in that the behavior over time of
the system is not considered. Instead, the average value of the system's properties for number of different
acceptable configurations is determined. Another name for this random sampling approach is the "Monte
Carlo" approach, as it relies upon randomly generated numbers and probabilities, much like gambling in a
casino. Various changes to the system are performed, at random, and for each change there is a probability
to accept each change. The chance to accept these changes depends upon the difference in energy of the
new configuration as compared to the old configuration. If the change in energy is above a pre-
determined tolerance, the move is rejected. In this way, a statistical average across many states can be
determined. Since chemical and phase equilibria are dependent upon energy and not upon time, this
approach of using statistical averages may be more efficient than using time averages. In addition, the
data produced by an MD simulation (i.e. molecular positions and velocities) are not directly comparable
with laboratory experiments, in which such data is generally not known. This statistical averaging also
overcomes the problem of the amount of time which may be required for a system to reach equilibrium,

which may be computationally expensive.

2.1.3 Ensembles:

In molecular simulations there are several ensembles which are possible; a few examples of
which are the canonical, isobaric-isothermal and grand-canonical ensembles. The canonical ensemble
(also known as the standard ensemble) was used in the very first Monte Carlo simulations by Metropolis
et al (1953), and involves fixing the total number of molecules (N), the system volume (V) and the system
temperature (T) — hence its abbreviated designation as the “NVT” ensemble. In this ensemble, only
molecule displacements are allowed, both in terms of translation and orientation of the molecules.

In the isobaric-isothermal (“NPT”) ensemble, as the name suggests, the system pressure (P) and
temperature (T) are maintained at a constant specified value, along with the total number of molecules in
the system (N). In this type of simulation, translation/rotation is still allowed, but in addition, so are
volume fluctuations. NPT simulations have a greater flexibility that NVT simulations, and also mimic the
behavior of physical laboratory experiments, in which pressure and temperature are frequently the
controlled variables (the total number of molecules in an experiment should not change much either,

unless the apparatus is leaking).

The third type of ensemble mentioned above, the grand-canonical (UVT) ensemble, maintains the
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total chemical potential (M) of the system within a fixed volume (V) and at a fixed temperature (T). In
such a simulation, molecules' displacements are permitted moves, along with molecular insertions into the
enclosed system volume in which the chemical potential is being monitored. This type of simulation is
not suitable for phase equilibrium analysis and is instead used when analyzing adsorption, according to

Frenkel & Smit (2001).

2.1.4 The Gibbs ensemble:

The Monte Carlo simulation method used in this work was that of the Gibbs ensemble method of
Panagiotopoulos (1987). A major hurdle in molecular simulations is the effect of interfacial surfaces.
Molecular simulations are often considered small systems, due to the presence of 102 to 103 molecules in
the system. Due to this small size, a high percentage of molecules will lie on the exterior boundary or
surface of a system in space. This is easily illustrated when considering the surface area to volume ratio of
a droplet of water as compared to the same ratio for a swimming pool. In this way, the bulk properties of a
system are impossible to determine with any certainty, due to such a small percentage of molecules in the
system not being involved in surface interactions. The Gibbs Ensemble eliminates this problem by
removing the physical exterior boundaries of the system. The Gibbs ensemble reduces a system to a set of
“boxes”, each containing only the bulk material of each interacting phase. These two (or more) boxes are
“connected” via the possibility to transfer particles from one phase to another. Thus the interfacial surface
area has been functionally replaced by an action to either or all of the relevant phases.

In order to replicate the natural motion and rearrangement occurring inside each phase, there are

then three fundamental types of “moves” which are allowed to occur in the system, namely:
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Volume change to one or any combination of the two phases,
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Figure 2-5: Illustration of MC volume change.

Particle translation/rotation within each phase,
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Figure 2-6: Illustration of MC translation/rotation.
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3. Particle exchange between each phase (as described previously).
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Figure 2-7: Illustration of MC particle exchange.

As was discussed by Gubbins (1993), the first of these moves is to attain mechanical equilibrium,
the second is to attain internal equilibrium, and the third is to attain chemical equilibrium.

The primary drawback of the Gibbs ensemble, as was discussed by both Gubbins (1993), and
Johansson (2007), has to do with the acceptance rate of the third type of move if the system is not at a
sufficiently low density or if the constituent molecules are very large. If the molecules are large and
relatively closely packed, then there are unlikely to be sufficiently large enough voids in that phase for
molecules to be inserted without producing a large change in the internal energy of the phase. Such a
large change in internal energy would not be accepted, and thus the move would not be accepted. It is this
drawback that ultimately limits the use of the Gibbs ensemble at low temperatures and with very large
molecules, as such simulations would take impractically long periods of time to generate sufficiently
good statistics. It should also be noted that the density or packing of a system of molecules is significantly
affected by the system temperature, as discussed by both Landau & Lifshitz (1980) and Tsonopoulos
(1999).
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2.1.5 Configurational bias Monte Carlo (CBMC):

A problem which would be encountered in simulations involving large, complex molecules would
be that of a high probability of rejection in the insertion or displacement of such large molecules. This
would be due to the fact that the acceptance of the displacement of an entire molecule would depend on
the unanimous acceptance of the displacement of all of its constituent pseudo-atoms. This would then
result in a computationally expensive simulation scenario. To surmount this obstacle, the configurational-
bias method was introduced into simulations by Siepmann (1990). This method itself was not entirely
new and was based upon prior work on a lattice-based method by Rosenbluth & Rosenbluth (1955). In
essence, this method entails the construction of each molecule, atom-by-atom. The acceptance or rejection
of each atomic insertion is then determined. If an atom is rejected, another random but feasible location is
determined for the insertion. The comparison for this insertion is based upon the Rosenbluth weights of
each of the previous configuration and the new “trial” configuration of a particular molecule. The
Rosenbluth weights are determined using the intermolecular energy of each of the configurations. Each
atom is then inserted into the region of space that is most energy-favorable in such a way that the entire

molecule is "grown" atom-by-atom.
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Figure 2-8: Illustration of the configurational-bias approach. To complete the growth of the

molecule, the most energy-favorable position is chosen. Image taken from Moodley (2008).
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2.1.6 The united-atom approach:

The TraPPE-UA model for linear alkanes, developed by Martin and Siepmann (1998), was used
in this work to represent all of the test system species excluding water. A different model was used to
describe water, which is described in chapter 2.1.7. The TraPPE-UA model approximates complex
molecules as strings of Lennard-Jones functional groups. For example, n-hexane would be broken down
into two CH, groups and four CH, groups. This methodology greatly decreases computational complexity
and calculation time, since not every single atom is handled individually, and instead groupings of atoms
are handled as pseudo-atoms. The TraPPE-UA model is easily used to account for all of the
intramolecular interactions for a variety of molecule types. It is important to note that the TraPPE-UA
model was not used to account for the torsional potential energy of the perfluorocarbons handled in this
work. The torsional potential model used for the perfluorocarbons was of a different mathematical form to
the standard TraPPE-UA. It was shown by Cui et al (1998) to yield a difference of less than 5 percent to

experimental density measurements.

Figure 2-9: Illustration of the united atom approach. N-propane is shown on the left with explicit

hydrogen atoms, on the right as three methyl pseudo-atoms.

What should also be noted about models used for representing molecules in simulations is that
there are many models in existence, and not just the TraPPE-UA model. An advantage of the TraPPE-UA
model was that it rigorously accounted for all of the possible motions and interactions of the atoms or
pseudo-atoms in a molecule, whereas many other models are not as rigorous. Rigorous in this context
refers to the types of behavior that are accounted for; that is, stretching, bending, and so forth. Also, the
TraPPE model is intended to be transferrable; that is, it is not specific to a particular species and can be

used rather generally. A further reason for using the TraPPE-UA model was that since the previous work
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on polyethylene, which was to be used as a comparison for this work, was performed using this approach,
the same methodologies should be followed as much as possible in order to draw a direct comparison. An
example of a different model, for n-alkanes, was that of Weber (1978) and Ryckaert & Bellemans (1975),

in a combined form, as presented by Haile and Mansoori (1983).

2.1.7 Water models:

There are over 100 models in existence which have been used to describe the water molecule,
although only two very popular models will be discussed here. The models which were used to represent
water in these molecular simulations were the Simple Point Charge (SPC) and the Simple Point Charge-
Extended (SPC-E) models. The SPC force field was initially developed by Berendsen et al (1981), and
then reparametrized by Berendsen et al (1987) to develop the SPC-E model. The SPC-E model is
generally preferred for saturated liquid density measurements, whilst the SPC model is preferred for
saturated vapor pressure measurements, according to Boulougouris et al (1998). Johansson (2007)
showed that the SPC model also provides a closer match between simulated and experimental vapor
densities at low temperatures.

The SPC water model describes the water molecule as consisting of a single Lennard-Jones site
and 3 electrostatic sites. The single Lennard-Jones site contains all of the atoms constituting the water
molecule (i.e. the oxygen atom and the 2 hydrogen atoms). The 3 electrostatic sites are located to
mimicking the actual locations of the oxygen atom and the hydrogen atoms within this single pseudo-
atom,

The SPC-E water model is fairly similar to the SPC water model. The key difference being that
the SPC-E water model possesses a large dipole moment than the SPC water model. This is effected by
differences in the values of the charges on the electrostatic sites as compared to the SPC water model.
This may be seen in tables A-1-1 and A-1-2 in the appendix to this work. The SPC-E water model was
found to better represent the liquid phase as compared to the SPC water model. However, the SPC-E
water model provided a poorer description of the vapour phase as compared to the SPC water model.

For the test system in this work, the only criterion to consider when selecting a water model was
the degree of previous simulations' accuracy with regard to the water-alkane interactions. In this case, the
work of Johansson (2007) showed that the SPC model gave significantly closer fits to experimental
solubility measurements than the SPC-E model for the system of water + n-decane.

For the study involving perfluorinated alkanes and water, a different criterion was important,
namely the critical temperature of the water which was predicted by the chosen water model. This was the

deciding factor, since the simulations may have to occur at up to 600 K, according to DuPont (2006), in
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order to liquefy the PTFE molecules. It was then apparent that only the SPC-E model would satisfy this
criterion, since the work of Boulougouris et al (1998) showed that the critical temperature of the SPC
model ranged between 587 and 596 K, whilst also showing that the critical temperature of the SPC-E
model was between 630 and 640 K. It may also be noted that the SPC-E model agrees more closely with

the experimental critical temperature of 647.3 K for water.

2.1.8 Torsional potential energy of perfluoroalkanes:

A slight departure from standard simulations was encountered when dealing with
perfluoroalkanes. This departure was to be found in the parametrizing of the torsional potential energy of
perfluoroalkanes. Usually, the 4 parameter TraPPE-UA torsion potential model is sufficient, and was in
fact used in the test system in this work. The relevant TraPPE-UA model equation is of the form presented
by eq. (4). For perfluoroalkanes, this model is less accurate at determining the torsional potential energy,
as discussed by Cui et al (1998). Instead, the torsion potential model of Cui et al (1998) was used. This
model has the form:

U = 2{(c,)cos[D]}, fori=[0, 7] Eq. (9)

torsion

This potential is similar in form to the alkane torsional potential from the work of Karayiannis et
al (2002), although with 7 parameters instead of the 8 parameters of the aforementioned "Karayiannis
model". A further discussion of the use of the Cui model used in this work was presented by Zhang &
Siepmann (2005), along with adjusted parameters which resulted in improved correlation with

experimental measurements.

2.1.9 Boundary conditions and cut-off radius:

The original Gibbs ensemble program used in this work employed the method of periodic
boundary conditions and minimum image convention. This topic was discussed in great detail by Frenkel
& Smit (2001). Essentially, this method requires that an interacting molecule must not interact with any
molecules which are situated outside of a box which is of the same size as the simulation box, but is
centered at the interacting site itself. To generate the other “virtual” molecule co-ordinates, the simulation

box is repeated once in every direction surrounding the box. What is important to note about this method
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is that no molecule must interact with its periodic image, or with two periodic images of the same
molecule, since this would result in the introduction of an artificial periodicity to the system, according to
Allen and Tildesley (1987). This periodicity would result in an ordered system, as opposed to a random
system. The ordering of such a system would invalidate the intended statistical analysis on such a system,

as the sample would not be random.
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Figure 2-10: Illustration of periodic boundary conditions for a 2-D system. From Allen & Tildesley
(1987).

In the modified form of the Gibbs ensemble program used in this work, a cut-off radius was used
to speed up computations. To calculate the total interaction from all of the molecules on one particular
molecule, there would be two separate summations which should occur. The summations considered
would be for the total van der Waals contribution and the total electrostatic contribution. To determine the
total van der Waals contribution, the contribution from within the box being analyzed is taken into
account, up to a certain cut-off radius. This cut-off radius would need to be less than half of the length of
the cubic box’s side, in order to avoid periodicity errors. In order to account for interactions from
molecules outside the cut-off radius, intermolecular interactions would be truncated using an analytical

tail correction which assumes that the number density outside the cut-off radius is the same as the inside,
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according to Frenkel & Smit (2001). This tail correction can be used only for the van der Waals
interactions, due to the short ranges of these interactions. In order to determine the total contribution from
the electrostatic interactions, a tail correction cannot be used, since Coulombic forces act over a much
longer range than van der Waals forces. Thus, a different summation technique would be used, of which
there are many varieties. The most commonly used, and the method which was used in the programs
relevant to this work, is the Ewald summation, which was discussed in great detail by Frenkel & Smit
(2001). The reason the Ewald summation was used was due to its high accuracy, according to Frenkel and
Smit (2001). What was important to note about this algorithm, however, is that it actually uses up most of
the processor time during computations, and would thus be the rate-limiting step in molecular simulation,
as it can use up to 90 % of the CPU time, according to Johansson (2007). Therefore, this increased

accuracy comes with the attached cost of increased computation time.

2.1.10 Polymer configuration:

In order to generate the initial co-ordinates of the PTFE molecules to be used in the polymer
simulations a program was written in the open source interpreted scripting language Python. This
language was chosen as it was compatible across different platforms. Since it was an open source
language, a Python interpreter was easily available on many systems or online, and comes standard with
the popular Ubuntu operating system.

The accuracy of the initial positions for the pseudo-atoms was found to be of great importance
when a simple test was conducted. In this situation, the polymer program crashed, and thus it was
concluded that the bond lengths needed to be accurate to approximately 10-1" Angstréms for the polymer
simulations to commence. This was due to the precision of the stored variables used in the polymer

program itself.

The program operated by utilizing the initial co-ordinates of a 4-atom PTFE chain. These co-
ordinates were determined by the free molecular modeling program Avogadro (see references), and were
then adjusted to the desired precision. This adjustment was undertaken by incrementally increasing or
decreasing the Cartesian co-ordinate values of each pseudo-atom in turn until the bond lengths were of
the required precision. This unit was then repeated within a "box" of specified dimensions. The 1% atom in
each unit was placed using randomly generated numbers, scaled by the length of the cubic box's side.
Relative to the 1% of these 4 atoms, the position of the other 3 atoms was determined. The direction of

each modular addition was determined by means of random number generation using the Python module
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"random". Alternatively, there was also an option to generate completely linear molecules, in which case
the direction would only be chosen for the initial addition of atoms. Once the direction had been
determined, the next 3 atoms would be added. Each set of 3 atoms would then be added onto the 4™ atom
of the preceding unit. This procedure was then repeated for every molecule. Once each molecule had been
generated, it would then be checked for overlaps with the preceding molecules, as well as a check for
whether or not the molecule lay within the specified enclosed cubic space. Overlap checking was
performed using all of the co-ordinates generated thus far, with a user-specified minimum distance, which

in the case of this work, was set to be the bond length of each CF, group, as this would ensure a decent

spread of PTFE molecules throughout the cubic box. The reason for performing checks on a molecule-by-
molecule basis was that the density of the polymer melt was expected to be low (~100 kg/m? or less),
according to the work of Johansson (2007). Therefore, one would expect the probability of rejection of a
new molecule to be fairly low, and thus the total computation time should be faster than if checks were

performed on an atom-by-atom basis.

2.1.11 PTFE structural considerations:

In order to determine the solubility of water within a polymer such as PTFE, it is important to
know what form the polymer exists as. PTFE exist primarily in two forms: amorphous and crystalline.
The amorphous PFTE is sold as granules, and is the form in which PTFE is produced industrially before it
is applied to a particular surface, according to DuPont (2007). PTFE takes on its crystalline form once it
has been applied to a surface or molded into a particular shape. However, what is of great importance to
note is that any polymeric structure does not simply consist of either one phase or the other, and is always
a combination of the two phases. This is where the degree of crystallinity of the polymer becomes
important, as discussed by Gedde (1995).

It is of key importance to know which form of the polymer will be taking part in the simulation,
as this can drastically alter the nature of the simulation to be undertaken. According to the aforementioned
work of Gedde (1995), during the formation of a solid polymer mass, crystals of the polymer form around
nucleation sites. This results in a structure consisting of crystalline nodules surrounded by amorphous
material. This structure is due to the manner in which a crystalline polymer is formed, as described by
Gedde (1995) and Johansson (2007). During crystallization, crystals form at different locations upon
cooling. The radius of gyration of the polymer chains does not change during this crystallization process,
and the chains are folded locally along with other chains. These localized folded regions form the

polymer crystals. The unfolded regions forming the packing in between these crystals then forms the
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amorphous portion of the polymer. The MD work of Pal et al (2005) illustrated that water molecules
cannot diffuse through the crystals themselves. Therefore, the phase of interest was the amorphous phase
in between the polymer crystals. Thus, it was necessary to perform solubility analysis on the PTFE at a
temperature above its melting point of ~600 K, according to DuPont (2006), in order to form the PTFE
into an amorphous mass. This was the same method followed by Johansson et al (2007). The
complication here would be the issue of the water vaporizing, and thus pressures would be needed which
would keep the water in liquid form. The pressure necessary to maintain water as a liquid at 600 K would
be far greater than atmospheric pressure, although atmospheric pressure would be most desirable from a
practical standpoint. What is important here then is the work of Tsonopoulos (1999) which showed that
the solubility of water in linear non-polar alkanes was not significantly pressure-dependent. Since the
perfluoroalkanes to be examined in this work are also non-polar, a similar pressure dependency would be

expected.

2.1.12 Monte Carlo simulations of polymers:

In considering the simulations involving the polymers, there were a number of different Monte
Carlo moves to be considered which differed slightly from the Gibbs ensemble moves mentioned in
chapter 2.1.4. The different types of Monte Carlo moves which were used were reptation, end mer
rotation, monomer flip, dimer flip, and end-bridging. As was done with the Gibbs ensemble program,
fluctuations to the box volume were also allowed. Brief descriptions of each type of polymer-specific

move can be found below;

(i). Reptation — An atom is removed from one end of a polymer chain, and then added to the opposite end

of said chain. This procedure emulates the snake-like movement of long molecules in the liquid state.

Figure 2-11: Illustration of the reptation polymer MC move.



21

(i1) End mer rotation — The last atom in a polymer chain is rotated about the axis formed by the second-

and third-to-last atoms in the chain. This procedure emulates the gyration of the end pseudo-atoms of long

ol

Figure 2-12: Illustration of the end-mer rotation polymer MC move.

polymer molecules.

(ii1) Monomer flip — An atom in the chain is spun about the axis formed by the atoms adjacent to it. This
procedure emulates the gyration of a single pseudo-atom about the central axis of the long polymer

molecule.

Figure 2-13: Illustration of the monomer flip polymer MC move.

(iv) Dimer flip — The same procedure as for monomer flip, but performed on a pair of neighboring atoms
instead of a single atom. This procedure emulates the gyration of an adjacent pair of pseudo-atoms about

the central axis of the long polymer molecule.
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Figure 2-14: Illustration of the dimer flip polymer MC move.

(v) End-bridging — This is a highly important move to consider when performing polymer simulations, as
it used in a situation where configurational bias methods would not be feasible. This difficulty would
arise due to the greater length of the molecules, as compared to those handled by the Gibbs ensemble. If
one had to use configurational bias Monte Carlo instead of end-bridging for polymer simulations, the
simulations would be several orders of magnitude more costly in terms of computational time required.
This issue was discussed by Mavrantzas et al (1999). The essence of the end-bridging algorithm is the
separation of one end of a trimer from one chain, and the reconnection of the free end of the detached
trimer onto an interior atom of a nearby chain from which an attempt to remove atoms is being made. The
lengths of all of the chains concerned would change. Thus, in order to maintain the same number of
chains throughout the simulation, an upper and lower bound for the length of the polymer chains were set.
The mean carbon number of all of the chains would thus be halfway between the bounds. For this work a
variance of 50% of the mean length was used to determine the bounds. The condition for this move to be
performed must be that the distance between the two molecules at this point in space must be shorter than
the distance that the proposed trimer can bridge. As long as this criterion is satisfied, there will always be
a geometric solution, and thus the new configuration can be determined. End-bridging was discussed in
further detail by Pant & Theodorou (1995). The end-bridging procedure essentially emulates the

translational movement of long polymeric molecules.
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Figure 2-15: Illustration of the end-bridging polymer MC move.

2.1.13 Cluster definitions:

The definition of a water cluster may significantly influence the results obtained from any cluster
analysis. Therefore, it is important to describe the definitions to be used in this study. Some definitions
used in the literature may take into account either intermolecular distances or intermolecular energy, or
both. The earliest definition, a purely distance-based criterion of an intermolecular distance of 3.8 A (for
example), was by Stillinger (1963). The cluster definition used in this work was that proposed by
Kalinichev & Bass (1997). This definition made use of dual intermolecular distance and intermolecular
energy criteria of < 2.4 A and < - 10 kJ/mol respectively. This cluster definition has been used in a

previous study on the polyethylene + water system by Johansson (2007).

2.1.14 Radial distribution function:

In the course of molecular simulations, it may be important to examine the radial distribution
function (RDF). This function is the variation of the atomic (or molecular) density with distance from a
particular atom (or pseudo-atom). The values of this function may be acquired through the co-ordinates of
the pseudo-atoms or molecules stored during a Monte Carlo simulation. Examination of this data may
then reveal more information about the molecular system in question. A useful text on this matter is

Widom (2002).

2.2 Literature data:
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Previous experimental measurements of light alcohols + water + n-dodecane were conducted
within the Thermodynamics Research Unit to which the simulations in this work could be compared to.
Data on the systems of perfluoroalkanes + water were found to be scarce in the open literature, and any

sources of relevance, even not immediately so, are discussed following.

2.2.1 Previous experiments:

With regard to the test system, there existed prior work by Bhownath (2008) and Kontogeorgis et
al (1999). The work in both of these prior projects resulted in LLE data for light alcohols + water +
alkanes which was to be used for comparison. Additionally, the work of Bhownath (2008) was directly
tied into the bulk of the reference experimental data used in this project in the form of the work by Lasich
etal (2011).

Experimental measurements on the solubility of water in n-heptane and various perflouro- and
fluorocompounds were undertaken by Freire et al (2006), (2010). These results yielded an observed
solubility of water in perfluorinated alkanes of between ~1.88 x 10-2 and ~12.0 x 10-2 mole percent, over a
temperature range of 288.15 K to 318.15 K and a carbon number of from 6 to 10 carbon atoms. While this
data is not at the same temperatures examined in this work, it may still be useful is one considers this
work as an extrapolation, via simulation, of solubility measurements towards higher temperatures. The

results of the relevant study have been provided following.
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Table 2-1: Table of water solubility in n-heptane and various perfluoroalkanes as a function of

temperature. The solubility values are in mole fraction. The data is from Freire et al (2006).

There also existed previous experimental work on the solubility of water in polyethylene, namely
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the work of McCall et al (1984). In this work it was shown that the solubility of water in the polymer was
of the order of 10! to 10? parts per million.

Testing of water absorption of PTFE according to German standards, namely DIN 53495, has
resulted in less than 0.01 % absorption of water into the polymer, according to ElringKlinger (see
references). The same result was obtained using the American ASTM standard D570, according to Omega
Engineering (2010). What should be noted for these experimental measurements is that they were
performed for the bulk polymer, not for the purely amorphous phase. The “bulk polymer” is the entirety
of the polymer material, including both crystals and the amorphous material in between the crystals. The
“amorphous phase” is the amorphous portions of the polymer material in between the polymer crystals.
Thus, these values must be adjusted to account for the lack of water within the impermeable crystalline
phase within the polymer. The work on PTFE crystallinity of Lennert et al (1996) and Rae & Dattelbaum
(2004) was used in conjunction with the data presented by DuPont on their PTFE products (see
references) in order to perform the aforementioned adjustment. This adjusted value was then used to

compare to the results of the simulations of the polymers.

With regard to the internal structure of PTFE, there existed previous work involving positron
decay to determine the average hole size in polymer matrices. Dlubek et al (1998) used this positron
decay technique to investigate the size of holes in both PE and PTFE. In this work, it was found that the

average holes in the PTFE matrix were roughly double the volume of those found in PE.

2.2.2 Previous simulations:

Previous simulation work of the nature in this project was also found to be lacking in the open
literature. There exists work by Johansson & Ahlstrém (2007) and Johansson et al (2007) on influence of
temperature and carbon number on the solubility of water in linear alkanes and polyethylene. In this
aforementioned work it was found that, on a mass basis, the solubility of water in linear hydrocarbon
chains was asymptotic with carbon number, with a leveling-off occurring with carbon numbers greater
than ~16 carbon atoms. It was also found that the solubility of water in linear hydrocarbons increased
exponentially with temperature, with significant increases in solubility once the temperature reached
values greater than approximately 450 K. Similar data was also to be found in the work of Johansson
(2007).

There existed a wealth of data on the subject of normal alkanes and water, and there was even

data on perfluorinated alkanes. Excellent data on the former subject can be found in the work of
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Boulougouris et al (2000) and Tsonopoulos (1999), and also in the aforementioned work of Johansson et
al (2007) and Johansson (2007). Cui et al (1998) and Zhang & Siepmann (2005) have dealt with the latter
subject, although the only data of relevance in their work were the liquid densities of the perfluorinated
alkanes and the new torsional parameters. Of this data, the torsional parameters of Zhang & Siepmann
(2005) were used in this work for the perfluorinated alkanes and the PTFE. The Lennard-Jones
parameters used in this work were those used by Cui et al (1998), which were unmodified by a review of

the models concerned as undertaken by Zhang & Siepmann (2005).

There was also work by Pal et al (2005) on the MD simulation of the interactions of water with
the surface of perfluorinated alkane crystal bodies, in which it was found that water did not penetrate the
crystal body, and did not even adhere strongly to the surface of the crystal, due to aforementioned
hydrophobic nature of such perfluorinated alkanes, as discussed by Courel et al (2000). The results of Pal
et al (2005) yielded a concentration of water adjacent to the surface of the crystal of less than ~0.3 g/cm?.
It was also found that immediately beyond this surface layer, intermediate between the surface and the
bulk liquid, there was a layer in which the concentration of water was between ~1.3 and ~1.9 g/cm?. This
can be compared to the bulk concentration of between ~0.7 to ~1.1 g/cm? (which was approximately the
expected density of liquid water, ~1 g/cm?). In holes which were generated on the surface of the solid in
the work of Pal et al (2005), it was found that the surface layer of extremely low water concentrations
became thicker along the insides of the hole when compared to the surface of the surrounding crystal.
This information would of course be of great use once a practical design of any PTFE structure to be used
in water treatment is begun.

An MD clustering study on alkanes and perfluoroalkanes was conducted by Friedemann et al
(2001) on decane and eicosane and the perfluorinated forms of both of those species respectively.
Friedemann et al (2001) found that there was greater rigidity in the perfluorinated alkanes, and that there
was also greater supramolecular ordering as compared to alkanes under identical conditions.

A computational study on the source of helicity in perfluoroalkanes was conducted by Jang et al
(2003). The various energy contributions towards the helical molecular structure of perfluoroalkanes was
investigated by Jang et al (2003), and the influence of parameters such as torsional angle, temperature and
carbon number were determined. It can be inferred from the data that there was a change in the energy
contribution regime at a carbon number of ~10, with perfluoroalkanes longer than 10 carbon atoms
possibly following a different molecular structuring regime than those smaller than and equal to 10

carbon atoms in length.
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CHAPTER 3: HARDWARE AND SOFTWARE CONSIDERATIONS

3.1 Beowulf clusters:

A Beowulf Cluster consists of several computer processors running in parallel, such that as a
group, they can accomplish many tasks simultaneously. This is accomplished by assigning jobs to each
processor by using a central “master” processor. The individual processors are connected via an internal
network in order to facilitate communication. Each processor plus its attached connection is referred to as
a “node”. Interfacing with the cluster as a whole is undertaken via the master node. These computers are
to be commodity hardware if the supercomputer is to be considered as a Beowulf-class cluster. There are
a plethora of websites and the like which can provide details of the inner workings of such clusters, with a
few extremely useful sources being Swendson (2004), Jain (2006) and Hurst (2000). Hurst (2000)
discussed the installation of a cluster, complete with photographs of the setup procedure. The other two
sources mentioned above provided detailed descriptions of clusters, along with relevant definitions and
more detailed explanations, albeit in a less graphical form than Hurst (2000). Adams (2007) also provided
details on a variation on the Beowulf cluster: Microwulf. This was an attempt at producing a more
portable cluster, and while not particularly relevant to this project, was interesting nonetheless, and may

provide ideas for future projects.
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Figure 3-1: Schematic of a Beowulf cluster. From Moodley (2008).

As far as this project was concerned, the clusters to be used were “Howard1”, belonging to the
Thermodynamics Research Group in the School of Chemical Engineering at the Howard College Campus
of the University of KwaZulu-Natal, and "Ruby2", at the School of Engineering, University College of
Borés, in Borés, Sweden. "Howard1" consisted of 6 quad-core computational processors, for a total of 24
computational nodes, and ran the CentOS 5 UNIX-like operating system. "Ruby2" consisted of 7 single-
and 7 dual-core computational processors, for a total of 21 nodes, although only the dual-core processors
were used in this work, due to the requirements of other users. To interface with both of the clusters, a
secure-shell remote login was used, using the “ssh” bash command of many Linux operating systems. In
particular, Ubuntu was used in this project, as it was freely available for download online and was also a
fairly popular Linux operating system. The hyperterminal program “PuTTY” was also used on the

Microsoft Windows XP and Windows 7 operating systems when Linux was not available. In this way,

jobs could be remotely assigned to the cluster without direct physical access to the cluster itself.
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Master Node (x1) Slave Nodes (x6)
CPU Speed 2.66 GHz 2.83 GHz
CPU Model E7300 Intel Core2 Duo 64-bit Intel Xeon Quad Core 64-bit
RAM 4 GB 4 GB
Hard Disk 695 GB 132 GB
Operating System Linux version 2.6.18-92.1.13.e15 (CentOS 5)

Table 3-1: Specifications of the Beowulf cluster “Howard1”.

Once on the cluster itself, the Oracle computer program “Grid Engine” was used to manage the
queuing of jobs to be run on the system. Grid Engine would assign jobs to available nodes and keep track
of jobs which were submitted and unable to be run due to a lack of available computational nodes. These
unassigned jobs would then wait in the “queue” until a node became free, at which point Grid Engine
would assign the jobs to a free node. The priority of the jobs in the “queue” was determined simply by the

order in which they were submitted.

3.2 The Gibbs ensemble program:

The Gibbs Ensemble program which was used in the test system was that of Errington &
Panagiotopoulos (2000) in its original unmodified form, as of 22/01/2000. The program accepts the
desired temperature, pressure and compositions of each phase to be studied as inputs. In addition, the
relevant model parameters are also required as inputs. By default, the program is supposed to handle two
phases and any number of components, which was ideal for the purposes of this work. Additionally, the
user must specify which ensemble is to be used. The two choices are the isobaric-isothermal (NPT) and
the canonical (NVT) ensemble. These different ensembles were discussed previously, in chapter 2.1.3.
The NPT ensemble was most useful for this work, as both the pressure and temperature were fixed, as is
common in a physical experiment. Thus, any simulation results obtained can be directly compared to
experimental results, since they were obtained in essentially the same way.

What is of key importance to remember when performing simulations is whether or not the
system has the correct degrees of freedom specified for the desired analysis. The equation used to check

this is the well-known phase rule of Gibbs (1873) for non-reacting systems;

F=C+2-P Eq. (11)

In the case of this work, no inconsistencies were encountered in the use of the phase rule, as it

was ensured that the system was correctly specified. It should be noted that if the system was incorrectly
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specified, the simulations would be impossible, since the system would be either overspecified or
underspecified. For a correctly specified system, at each temperature, pressure and overall composition,
there could be only one possible set of individual phase compositions. Here, the overall composition
refers to the number of molecules of each species in the entire system (i.e. both phases).

For the perfluorinated polymer analysis, a modified version of the original Gibbs ensemble
program was used. This version was modified by Johansson (2007), and was changed to allow for
different torsional potentials, a cut-off radius, as well as including external electric fields, among other
features. However, only the first two additions were of importance to this work. It was then modified
further to allow for the use of the torsional potential model of Cui et al (1998), which was achieved by

changing the limits of the Karayiannis torsional potential calculation in the code from 8 terms to 7 terms.

The Gibbs ensemble program was written in Fortran90, and as such had to be compiled into
machine code before use on the cluster. Compilation was performed in the standard manner, using the
default Makefile, albeit with the required compiler directory. The Makefile contains the instructions for
the compiler to use when instructed to compile the source code into machine code. The compiler used in
this work was the Intel compiler on the Howard!1 cluster. The GNU Compiler Collection was also used at
times to compile the programs used in this work into machine code. A further modification of the
Makefile was required for the polymer code when compilation was attempted, as the compile would not
recognize files with the extension “.mod” as being written in Fotran90, but instead would recognize them
as being written in Modula C. To rectify this, the line “%.o0 : %.mod” needed to be added near the
beginning of the Makefile in order that the compiler handle the “.mod” files correctly and include them in

the compiled machine code.

3.3 The polymer program:

The polymer program which was used in this work was that used by Johansson (2007). The
polymer program as such is actually a merger of the original polymer program of Mavrantzas et al (1999)
with the modified Gibbs ensemble program of Errington and Panagiotopoulos (2000). This modification
was performed so that the Gibbs program can handle the non-polymer interactions while the polymer
program handles the polymer interactions. The Gibbs program alone cannot be used for polymer
simulations due the limitations discussed in chapter 2.1.4, and thus the polymer program was introduced
to the arrangement to enable phase equilibrium studies involving polymers.

The inputs to this amalgamated program include portions for both the Gibbs ensemble part of the

program and the polymer part. The Gibbs ensemble input file is fairly similar to the standard form found
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in the original form, albeit with some slight modifications due to the work of Johansson (2007). The
polymer program, however, requires several input files to be used, containing the various forcefield
parameters, as well as the initial configuration of the polymers and the co-ordinates of the pseudo-atoms.
The initial co-ordinates for the shorter polymer molecules were determined using the program described
in chapter 2.1.10. For the initial co-ordinates of the longest polymer molecules, existing co-ordinates for

polyethylene were used.
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CHAPTER 4: SIMULATION DETAILS AND RESULTS

4.1 Test system:

The test system of light alcohols (methanol, ethanol and isopropanol) + water + n-dodecane was
simulated using the Gibbs ensemble program of Errington & Panagiotopoulos, as discussed previously in
chapter 3.2. The test systems were simulated using the NPT ensemble of the Gibbs ensemble program.

The test systems consisted of the following:

* methanol + water + n-dodecane at;

o T=313.14Kand P=101.325kPa

o T=350K and P =600 kPa

o T=400K and P =600 kPa

e ethanol + water + n-dodecane at;

o T=333.15Kand P=101.325 kPa

o T=350K and P =600 kPa

o T=400K and P =600 kPa

* isopropanol + water + n-dodecane at;

o T=333.15Kand P=101.325 kPa

o T=350K and P =600 kPa
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o T=400K and P =600 kPa

To determine the initial volume of each box, a simple calculation using the approximate
experimental value of the density of the expected dominant species in each phase as well as the molecular
mass of the initial starting composition was undertaken. The initial compositions that were used were
those for the same system at 313.14 K and 101.325 kPa found in the work of Lasich et al (2011). The
number of molecules in each box was adjusted such that the sides of each cubic box would be at least 20
Angstroms in length. It was found, however, that for every initial configuration there were too few
molecules to generate sufficiently good representative statistics (i.e. approximately 100 to 200 molecules
or less), and thus the number of molecules in each setup was doubled, such that the total number of
molecules was between 300 and 500. This doubling was found to be reasonable, since in the work of
Johansson (2007), not less than 300 molecules were used in simulations of alkanes and water. However, it
is important to note that these initial configurations need not be accurate at all, since the system will

automatically adjust itself during the course of each simulation.

As for the TraPPE model parameters which were used in this work, they were acquired from a
various sources; methanol from Martin & Siepmann (1998), n-dodecane and ethanol from Martin &
Siepmann (1998) and Chen at al (2001), isopropanol from Martin & Siepmann (1998, 1999) and Chen et
al (2001). The SPC water model parameters were taken from Berendsen et al (1987).

To begin with, each system was equilibriated in two stages. In the first, pre-equilibriation stage,
no swap moves were allowed, and the system was run until it was seen that the internal energy and
density of each phase had converged, and that no trends were observed in the properties of the system (i.e.
phase compositions, etc). This generally took approximately one run of 45,000,000 Monte Carlo moves.
Once each phase was at equilibrium, then the second, equilibriation stage was undertaken. This involved
running the simulation until no changes in composition for each phase was observed and the compositions
had stabilized to their respective average values. This generally took two runs of the aforementioned
number of Monte Carlo moves. It was only once this two-phase equilibriation process was completed that
production runs were attempted. Production runs were simulations which continued from where the
equilibriation process had left off. These production runs were performed in order to generate enough data
to reduce statistical uncertainty. The ratio of translation/rotation : volume change : interphase transfer :
regrow moves used in the simulations was 0.340 : 0.0030 : 0.500 : 0.157. This ratio of volume change
was chosen in order to limit the CPU time spent on volume changes, which are computationally costly, as
mentioned by Moodley (2008), whilst letting the two most statistically important moves, i.e.
translation/rotation and phase swapping, take up the majority of the CPU time.
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As far as the production runs were concerned, it was found that the acceptance rate for a transfer
of dodecane between phases was incredibly low, of the order of 0.05%. This was likely due to the
aforementioned shortcomings of the Gibbs ensemble, as discussed in chapter 2.1.4. However, each
production run was set at 45,000,000 Monte Carlo moves (as before). Several production runs were
performed for each measurement to ensure that adequately representative statistics would be obtained of
the system being analyzed. What should also be noted was that since the minimum composition change
could be one molecule out of a total of 102 to 10° the corresponding precision of the simulated
compositions were thus adjusted accordingly, and the results and their standard deviations (uncertainties)

reflect this.

Presented following are the initial configuration of the system(s) and the tabulated results along
with the relevant tie-line data and phase diagrams to graphically illustrate the results. (It should be noted

that the same four initial points were used for each system and at each temperature);

Point 1 Point 2
Species Phase 1 Phase 11 Phase 1 Phase II
Water 0 0 0 82
n-Dodecane 46 2 60 2
Alcohol 10 300 4 280
Point 3 Point 4
Phase 1 Phase 11 Phase 1 Phase 11
Water 0 220 0 280
n-Dodecane 50 0 50 0
Alcohol 1 180 0 60

Table 4-1: Initial number of molecules of each species in each phase for each simulated point.
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XWater Xn-Dodecane XMethanol
T=313.14K
Phase 1
0.000 0.991+0.013 0.009 +0.013
0.000 0.997 + 0.005 0.003 + 0.005
0.000 0.998 + 0.003 0.002 + 0.003
0.000 0.998 + 0.004 0.002 + 0.004
Phase 11
0.000 0.006 0.994
0.221 0.013 0.765
0.547 0.002 0.450
0.824 0.000 0.176
T=350K
Phase 1
0.000 0.791 +£ 0.022 0.209 + 0.022
0.001 £ 0.001 0.969 + 0.014 0.030+0.014
0.001 £+ 0.001 0.995 + 0.003 0.004 + 0.003
0.001 + 0.001 0.996 + 0.004 0.004 + 0.004
Phase 11
0.000 0.010 0.990
0.225+0.001 0.000 0.775+ 0.001
0.549 0.000 0.451
0.824 0.000 0.176
T=400K
Phase 1
0.000 0.893 + 0.064 0.107 + 0.064
0.004 + 0.004 0.931 +£0.028 0.065 + 0.027
0.011 £+ 0.008 0.923 +£0.028 0.066 + 0.023
0.006 + 0.004 0.975+0.011 0.019+0.010
Phase 11
0.000 0.065 + 0.003 0.935+ 0.003
0.223 £ 0.001 0.015+0.002 0.762 + 0.002
0.552 +0.002 0.001 +£0.001 0.447 + 0.002
0.826 + 0.001 0.000 0.174 £ 0.001

Table 4-2: Simulated LLE tie-line data for the water + n-dodecane + methanol system. Some values

do not contain stated uncertainties as these uncertainties were less than 0.000 mole fraction.
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XWater Xp-Dodecane XEthanol
T=333.15K
Phase 1
0.000 0.977 £ 0.020 0.023 + 0.020
0.000 £+ 0.001 0.993 + 0.008 0.006 + 0.008
0.000 £+ 0.001 0.992 + 0.008 0.007 +£ 0.008
0.000 £+ 0.001 0.993 + 0.009 0.006 + 0.009
Phase 11
0.000 0.013 0.987
0.223 0.005 0.772
0.548 £ 0.001 0.001 £ 0.001 0.450 +£ 0.001
0.824 £ 0.001 0.000 0.176 £ 0.001
T=350K
Phase 1
0.000 0.645+0.023 0.355+0.023
0.009 +£0.012 0.878 £ 0.021 0.113 +0.020
0.001 + 0.001 0.979+0.015 0.020 +£ 0.015
0.001 + 0.002 0.989+0.012 0.010+0.011
Phase 11
0.000 0.024 0.976
0.224 + 0.002 0.015+0.001 0.761 +£ 0.002
0.550+ 0.001 0.000 0.450 + 0.001
0.825+ 0.001 0.000 0.175+0.001
T=400K
Phase 1
0.000 0.110+0.029 0.890 + 0.029
0.120+0.017 0.311+0.013 0.568 £ 0.019
0.011+0.011 0.920 + 0.045 0.069 + 0.038
0.007 + 0.007 0.954 + 0.033 0.039 + 0.029
Phase 11
0.000 0.151+£0.019 0.849+ 0.019
0.238+0.012 0.036 + 0.004 0.726 £ 0.011
0.547 + 0.003 0.011 +0.003 0.442 + 0.003
0.828 + 0.005 0.001 + 0.002 0.171 +£ 0.004

Table 4-3: Simulated LLE tie-line data for the water + n-dodecane + ethanol system. Some values

do not contain stated uncertainties as these uncertainties were less than 0.000 mole fraction.
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XWater Xn-Dodecane X]sopropanol
T=333.15K
Phase [

0.000 0.553 +£0.026 0.447 £ 0.026
0.122+0.018 0.505+0.013 0.373 +£0.018
0.166 = 0.029 0.520 +0.020 0.314 +0.024
0.128 +0.030 0.733 +£0.028 0.139 +0.022

Phase II

0.000 0.000 1.000
0.219 £+ 0.007 0.000 0.780 = 0.007
0.575 £+ 0.006 0.000 0.425 +0.006
0.843 £ 0.005 0.000 0.157 +0.005

T=350K
Phase |

0.000 0.946 + 0.021 0.054 +0.021
0.006 = 0.004 0.939 +0.022 0.054 +0.021
0.007 = 0.006 0.970+£0.013 0.023 +£0.012
0.008 = 0.006 0.938 +0.023 0.053 +0.022

Phase II

0.000 0.003 + 0.002 0.997 + 0.002
0.225 £+ 0.001 0.001 £0.002  0.774 + 0.002
0.548 = 0.001 0.003 +0.001 0.449 + 0.001
0.830 +0.003 0.000 0.170 + 0.003

T =400 K
Phase [

0.000 0.702 + 0.055 0.298 = 0.055
0.034£0.015 0.779 £ 0.054 0.187 £ 0.047
0.052+0.013 0.754 £ 0.031 0.194 + 0.027
0.051 +0.019 0.875+0.033 0.074 £ 0.021

Phase 11

0.000 0.007 £+ 0.004 0.993 £+ 0.004
0.219 £ 0.003 0.035+0.006  0.746 + 0.005
0.562 £+ 0.003 0.001 = 0.001 0.437 £ 0.003
0.813 £0.003 0.021 £0.003 0.165+0.003

Table 4-4: Simulated LLE tie-line data for the water + n-dodecane + isopropanol system. Some

values do not contain stated uncertainties as these uncertainties were less than 0.000 mole fraction.
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Figure 4-1: Ternary LLE plot of the methanol + water + n-dodecane system. Values are in mole
percent. ([_|) experiments at T = 313.14 K (literature), (<) simulations at T 313.14 K (this work), (
/\) simulations at T = 350 K (this work), (O ) simulations at T = 400 K (this work). Literature data

is from Lasich et al (2011). Tie-lines extend from the data points on the left-hand side to those on

the right hand. Tie-lines have not been shown in the figure for the sake of clarity.
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Figure 4-2: Ternary LLE plot of the ethanol + water + n-dodecane system. Values are in mole
percent. (|_]) experiments at T = 333.15 K (literature), ( <> ) simulations at T = 333.15 K (this work),
(/\) simulations at T = 350 K (this work), (O ) simulations at T = 400 K (this work). Literature
data is from Lasich et al (2011). Tie-lines extend from the data points on the left-hand side to those

on the right hand. Tie-lines have not been shown in the figure for the sake of clarity.
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Figure 4-3: Ternary LLE plot of the isopropanol + water + n-dodecane system. Values are in mole
percent. (|_]) experiments at T = 333.15 K (literature), ( <> ) simulations at T = 333.15 K (this work),
(/\) simulations at T = 350 K (this work), (O ) simulations at T = 400 K (this work). Literature
data is from Lasich et al (2011). Tie-lines extend from the data points on the left-hand side to those

on the right hand. Tie-lines have not been shown in the figure for the sake of clarity.
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4.2 Water solubility in perfluoroalkanes:

The simulations of the non-polymeric perfluoroalkanes were performed using the Gibbs ensemble
program previously discussed in chapter 2.1.3, as modified by Johansson (2007). In the context of this
work, the term "polymer" refers to molecules with a carbon number greater than or equal to 20.
Therefore, all perfluoroalkane simulations would be those simulations involving linear perfluorocarbons

up to, but not including a carbon number of 20.

The procedure followed in this work was based upon that of Johansson (2007), which was also
used in Johansson & Ahlstrom (2007) and Johansson et al (2007). This procedure entailed the simulation
of the system of alkane + water for a number of different carbon numbers and a number of different
temperatures. Initially, each system consisted of 100 perfluoroalkane molecules and 500 water molecules,
each contained within a pure phase. The course of the simulations in this chapter was the same as for the
test system, which was discussed in chapter 4.1. This procedure entailed a two-step equilibration process,
followed by production runs to generate statistics. For a more detailed description, see chapter 4.1. In the
course of this chapter's work on perfluoroalkanes, each production period consisted of no less than
60,000,000 Monte Carlo moves, and several runs were used to generate the final results. This was to

ensure that adequately representative statistics would be obtained of the system being analyzed.

In this work, the effect of carbon number and temperature on the solubility of water in the
perfluoroalkane was examined. This data was compared directly to the literature, namely Johansson
(2007). For the full table of the water solubility data for the perfluoroalkane simulations, consult chapter
4.4. An extensive set of tables which includes phase densities and solubility data for both phases can be
found in the appendix to this work. The data obtained for the solubility of water in perfluoroalkanes is

represented in the following figures;
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Figure 4-4: Solubility of water in alkanes and perfluoroalkanes versus carbon number at T =450 K.
(.) n-alkanes (literature), (0) perfluoroalkanes (this work). The literature data is from
Johansson (2007).
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Figure 4-5: Solubility of water in alkanes and perfluoroalkanes versus carbon number at T =450 K,
on a mass basis. () n-alkanes (literature), (@) perfluoroalkanes (this work). The literature data
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Figure 4-6: Solubility of water in n-decane and perfluorodecane over a temperature range from 300
K to 600 K. (l) n-alkanes (literature), (@) perfluoroalkanes (this work). The literature data is
from Johansson (2007).
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Figure 4-7: Solubility of water in n-decane and perfluorodecane over a temperature range from 300
K to 600 K, on a mass basis. (ll}) n-alkanes (literature), (@) perfluoroalkanes (this work). The

literature data is from Johansson (2007). The y-axis has been made logarithmic for clarity.
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4.3 Polymer generation:

The co-ordinates resulting from the polymer generation algorithm developed in this work were
plotted in GNU Plot. This plotting was performed using a scripted routine within the program. An

example plot of linear chains of PTFE is presented as follows;

o)
-

20 | omemsmemsnems =

Figure 4-8: Example output graphic of ten PTFE molecules. Each has a carbon number of 50. All
dimensions in Angstroms. This plot was one of the outputs of the Linux version of the polymer

generation program, and was generated using GNUPIlot.
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4.4. Water solubility in PTFE:

In this work, the procedure followed for the simulation of the polymers was that of Johansson
(2007). The set of tables of data, including the densities of both phases as well as the composition of both
phases may be found in the appendix to this work. The results for the solubility analysis for the water +

PTFE system can be found in the following tables and figures;

Number of carbon atoms Xipo (Mole fraction)
8 0.014 £ 0.002
10 0.014
12 0.013
16 0.017 +£0.001
20 0.037 £0.001
30 0.182 +0.007
35 0.260 + 0.004
40 0.458 + 0.006
45 0.548 £0.018
50 0.551+0.015

300 0.980

Table 4-6: Tabulated solubilities of water in PTFE for various carbon numbers at T = 450 K.

Number of carbon atoms Xy (Mole fraction)

8 0.054

10 0.058 £ 0.007

12 0.035+0.011

16 0.073 £ 0.005
50 0.799 £ 0.002
100 0.976 £ 0.002
300 0.980

Table 4-7: Solubilities of water in PTFE for various carbon numbers at T = 500 K.



48

Number of carbon atoms Xy (Mole fraction)
8 0.400 £0.017
10 0.499 +£0.014
11 0.400 £ 0.004
12 0.362 +0.003
13 0.391
16 0.425 + 0.006
20 0.467 £0.004
40 0.939
50 0.965 + 0.002

100 0.978 +0.029
300 0.980

Table 4-8: Solubilities of water in PTFE for various carbon numbers at T = 600 K.
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Figure 4-9: Solubility of water in PTFE as a function of carbon number, for three different
temperatures, on a molar basis. (M T=450K, (®)T=500K, (A)T=600K. Lines have been
added between the points as guides for the eye. The x-axis has been made logarithmic for clarity at

the smaller carbon numbers.
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Figure 4-10: Solubility of water in PTFE as a function of carbon number, for three different
temperatures, on a mass basis. (W T=450K, (®)T=500K, (A)T=600K. Lines have been
added between the points as guides for the eye. The x-axis and y-axis have been made logarithmic

for clarity.
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Figure 4-11: Graph of the solubility of water, at T =450 K, as a function of carbon number in PTFE
compared to PE, on a molar basis. (D) PE (literature), (@) PTFE (this work).The literature data
is from Johansson (2007). Lines have been added between the points as guides for the eye. The x-

axis has been made logarithmic for clarity at the smaller carbon numbers.
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Figure 4-12: Graph of the solubility of water, at T = 450 K, as a function of carbon number in PTFE
compared to PE, on a mass basis. (I PE (literature), (@) PTFE (this work).The literature data is
from Johansson (2007). Lines have been added between the points as guides for the eye. The x-axis

and y-axis have been made logarithmic for clarity.

4.5 Cluster analysis of water molecules:

The clustering of water molecules in perfluoroalkanes and PTFE was also analyzed in this work.
The influence of carbon number and temperature on the clustering of water molecules in the organic
phase was analyzed, so as to compare to the data for water clustering in normal alkanes and polyethylene
found in the literature, as reported by Johansson & Ahlstrom (2007), Johansson (2007) and Johansson et
al (2007). This analysis was performed using the algorithm devised by Johansson (2007) for the water +

polyethylene system, and implemented in Fotran90. The results are presented graphically as follows;
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Figure 4-13: Percentage of water molecules included in clusters in the perfluoroalkane phase as a
function of carbon number at T=450 K. (l) n=2, (®)n=3, (A)n=4, (@) n=5. The scale of
the x-axis has been made logarithmic for clarity at the smaller carbon numbers. Lines joining the

points have been added as guides for the eye.
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Figure 4-14: Percentage of water molecules included in clusters in the perfluoroalkane phase as a
function of carbon number at T=500 K. (l)n=2, (®)n=3,(A)n=4, (@) n=S5. The scale of
the x-axis has been made logarithmic for clarity at the smaller carbon numbers. Lines joining the

points have been added as guides for the eye.
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Figure 4-15: Percentage of water molecules included in clusters in the perfluoroalkane phase as a
function of carbon number at T=600 K. (l) n=2, (®)n=3, (A )n=4, (@) n=5. The scale of
the x-axis has been made logarithmic for clarity at the smaller carbon numbers. Lines joining the

points have been added as guides for the eye.
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Figure 4-16: Percentage of water molecules included in clusters in the perfluoroalkane phase as a
function of temperature at a polymer carbon number of 10. (Wn=2,(®)n=3,(A)n=4, (@)

n = 5. Lines joining the points have been added as guides for the eye.
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The following two figures illustrate the frequency distributions of the most common tetramer and

pentamer topologies with respect to temperature for PTFE at a carbon number of 300;
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Figure 4-17: Frequency distribution of the four most common tetramer configurations as a function

of temperature. Lines joining the points have been added as guides for the eye.
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Figure 4-18: Frequency distribution of the five most common pentamer configurations as a function

of temperature. Lines joining the points have been added as guides for the eye.
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CHAPTER 5: DISCUSSION

5.1 Test system:

The test system(s) of light alcohols + water + n-dodecane was compared to the experimental
measurements of Lasich et al (2011). This comparison was conducted in the interests of extrapolation to
higher temperatures. The extrapolation simulations were all conducted at a pressure of 400 kPa, to ensure
that no vaporization of any species occurred. While this was significantly higher than the pressure in the
laboratory experiments being used for comparison (i.e. 101.325 kPa), the work of Tsonopoulos (1999)

showed that the influence of pressure on liquid-liquid solubility is insignificant.

As can be seen in the systems containing methanol, the simulations at 313.14 K and 350 K agree
closely with the experimental results (see figure 4-1). It should also be noted that the phase envelope did
not change significantly between the temperatures encountered in the experimental measurement, and the
same was evident regarding the lower of the temperatures encountered in the simulations (i.e. 313.14 K
and 350 K). This would suggest that the immiscibility evident in the system is not easily overcome by an
increase in temperature. It can be seen that at a temperature of 400 K, the mutual solubility of the system
increases, which is just what one might expect for a system exhibiting LLE. This would be due to the
existence of multiple phases being restricted to a particular temperature, pressure or composition range, as
discussed by Smith et al (2005). At this higher temperature, it can also be seen that the greatest increase in
solubility was experienced by n-dodecane in the aqueous phase, but only in the limit where the mole
fraction of the methanol tends to unity. The variation in composition with temperature for the organic
phase (i.e. the phase dominated by the n-dodecane) was found to be negligible, as evidenced by figure 4-
1.

With regard to the systems containing ethanol, a significant deviation from experimental results
occurred. This deviation was the absence of a plait point in the ternary LLE data. This suggests that the

ethanol and the n-dodecane are not fully miscible together, contradicting the laboratory experiments.
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Whilst the experimental measurements over a temperature range from 298.14 K to 333.15 K clearly
exhibited a plait point, none of the simulated isotherms for the ethanol systems exhibit this phenomenon.
In order to verify that the simulation results could be repeated, a compositional convergence test was
conducted. This test entailed selecting a composition in the region in which a single phase was expected,
and running simulations to determine if a single-phase or two-phase scenario would result. In the situation
encountered in this work, the composition selected was such that both phases were initially fixed at equal
compositions, in the region where the plait point was expected. The length of this test was 630,000,000
Monte Carlo moves to ensure that a sufficient number of Monte Carlo moves would be performed for any
trends to be observed. This test yielded a result confirming the previous simulations, which can be seen in

the following figure;

Ethanol
\ % 20
80 A
- Ny
60 0
10 60
20 — 80
L
80 60 40 20
Water n-Dodecane

Figure 5-1: Compositional convergence test for the water + ethanol + n-dodecane system at T =400
K and P = 400 kPa. Values are in mole percent. ([_]) simulations at T = 400 K, (< ) “starting”
compositions at T =400 K, ( /\ ) “final” compositions at T = 400 K. The full results of this test may

be found in the appendix to this work.
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This test clearly confirmed the results obtained for the simulation, and thus confirms that the
simulated results do not compare favourably with the laboratory experiments found in the literature, i.e.
Lasich et al (2011). As far as actual values are concerned, the convergence test was initiated at a single
phase composition of 75 mole % ethanol, 10 mole % water and 15 mole % n-dodecane, and concluded at
two different phase compositions of 73.11 mole % ethanol, 9.96 mole % water, 16.93 mole % n-dodecane
and 77.94 mole % ethanol, 9.96 mole % water and 12.1 mole % n-dodecane respectively. This clearly

indicated the existence of two distinct phases.

To account for this significant deviation from the experimental data, it was necessary to examine
the work from which the force field parameters were derived. In the case of the ethanol, the work of Chen
et al (2001) illustrated clear deviations (of the order of 40 %) from experimental VLE data when the n-
hexane + methanol and n-hexane + ethanol systems were investigated. This would suggest that the
TraPPE parameters for the alcohols and alkanes may not fully describe interactions between these two
types of organic compounds. It should be noted that it has been shown by Chen et al (2001) that these
parameters were sufficient to describe the pure species properties. Thus, it should be recommended that
an adjustment to the Lorentz-Berthelot mixing rules by way of an interaction parameter be undertaken, as
in the work of Johansson (2007) when dealing with alkanes and water, in order to allow the TraPPE

model to more accurately describe such systems.

With regard to the isopropanol + water + n-dodecane system simulated in this work, the same
trends as observed with the simulations of the ethanol + water + n-dodecane system can be observed. A
significant observation would then, again, be the absence of a plait point in the ternary LLE data, as
presented in figure 4-3. This absence would likely also be due to the same reasons as discussed previously
in this chapter for the ethanol + water + n-dodecane system. The main reason for this deviation would
thus be the value of the interaction parameter for the Lorentz-Berthelot mixing rules. This interaction
parameter would account for the non-ideality in the interaction between the alkane and alcohol species in

the system.

As far as general trends regarding the simulations of the systems of light alcohols + water + n-
dodecane was concerned, the trend of increased solubility with increased temperature was observed in all
cases. This was evident in figures 4-1, through 4-3. The most marked increases in solubility were seen to
occur in the systems containing ethanol and isopropanol. In systems containing both of these alcohols, it
was observed that the greatest approach to total miscibility occurred in the organic phase, which was
dominated by the n-dodecane, in the limit as the mole fraction of the alcohol in the aqueous phase tended

to unity. This would likely occur due the interactions between the alkyl constituents of the alcohols and
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the purely alkyl n-dodecane. The fact that the n-dodecane is fully alkyl in nature and the alcohols are at
least partially alkyl in nature would mean that they are more chemically similar to one another than n-
dodecane would be to water. It is this structural similarity that would produce greater interactions between
the alcohol-alkane pair as opposed to the water-alkane pair. Thus, the greater mutual solubility between

the alcohol-alkane pair encountered in this work would be expected.

Furthermore, the general trends observed in this work correlated with the trends observed for
shorter alkanes (n-hexane and n-heptane), as discussed in the literature by Kontogeorgis et al (1999). In
this work, a similar disparity in the partitioning of the alcohol (methanol in this case) between the
aqueous and organic phases was observed. Additionally, in the aforementioned work of Kontogeorgis et al
(1999), the upper limit of the composition of the alcohol in the organic phase was found to be low, which

was also observed in this work.

As an additional validation step, a comparison was drawn between the molecules generated in the
simulations and those modeled in the open source molecular modeling program, Avogadro (see
references), using the Universal Force Field (UFF) for the optimization. When a molecule is constructed
in the system using the Gibbs ensemble program, it is built using built-in subroutines and specified
parameters. The program's user specifies the parameters for the routines and which routines should be
used for each construction step. This process then constructs each molecule pseudo-atom by pseudo-atom.
It is not possible to merely provide the Gibbs ensemble program with the identity of the desired molecule
which is to be created. Each molecule is user-defined. Therefore, it would be desired to verify that the
user has constructed these molecules correctly. This is the reason for undertaking this verification step
using an independent method, such as the UFF. The reason for using this force field was that it was
applicable to many elements in the periodic table and was not specific to any particular classes of
chemicals. Therefore, it could be used consistently to model all of the species encountered in this work.
The UFF is derived from the work of Rappé et al (1992). To conduct this comparison, the co-ordinates of
a randomly-selected molecule of each species was input into Avogadro (see references), with the
appropriate atoms on the relevant sites. The geometric properties of this molecule, i.e. bond lengths and
bond angles, were then determined. The reason for not comparing the torsion angles was due to the fact
that there are multiple dihedral angles for which the torsional potential energy is at a minimum of some
kind (i.e. local or absolute). That this is the case is well documented in the literature, with Cui et al (1998)
providing a good example when dealing with perfluoroalkanes in particular. The dihedral angles which
may occur in an actual system may also be influenced by neighboring molecules, which would not be the
case in an UFF-optimized individual molecule. Since this UFF-optimized individual molecule was the

basis of this confirmation step, comparing dihedral angles would thus be irrelevant. These properties were
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then compared to a representation of the molecule of interest which was generated from scratch and
geometrically optimized in Avogadro (see references). This same procedure was followed throughout the
course of this work in order to validate the molecules being generated. A full table of randomly selected
molecules compared in this way, using Avogadro (see references), can be found in the appendix 2 to this
work. This table covers both the test system(s) and the core PTFE + water simulations in this work. A

graphical example of such a geometric validation is presented below, for ethanol;

Figure 5-2: Graphical representation of the ethanol modeled in this work (on the left) as compared
to ethanol modeled by the UFF (on the right), using Avogadro (see references). It is important to
note that the hydrogen atoms shown explicitly in this diagram for the TraPPE ethanol (on the left)
do not occur in the model, and instead are accounted for implicitly; they have been included in this

diagram for aesthetic reasons.

5.2 Water solubility in perfluoroalkanes:

With regard to the solubility of water in perfluoroalkanes, the intended direct comparison for this
work was the previous work on normal alkanes and water performed by Johansson (2007). This
comparison was illustrated by figures 4-4 through 4-7. What should be noted about the former pair of

these four figures was that the values from the literature represented here were the reported solubility
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values using the classical Lorentz-Berthelot mixing rules. What was important to consider for any
comparison with such previous work was that, in the case of the work presented here, this mixing rule

was not adjusted. The adjustment using an interaction parameter (k;) can be represented as follows;

€, =k, (g, €)" Eq. (12)

The reason for not adjusting this mixing rule using an interaction parameter was the lack of
feasibility. In order to adjust this interaction parameter, the simulated phase compositions or densities
would be compared to experimental measurements. This parameter would then be adjusted in order that
the simulated values would match the experimental values as closely as possible. The problem
encountered in this work was that of the low temperatures at which the available data was measured,
along with the limited nature of these data sets. The data in question was that of Freire et al (2006, 2010).
The experiments in this prior work were conducted over a temperature range of 288.15 K to 318.15 K,
and over a carbon number of 6 to 9 carbon atoms. This low temperature would result in problems with the
acceptance of interphase swap moves, especially when the larger fluoroalkane molecules were being dealt
with. For example, the percentage of accepted swap moves encountered in the low temperature
simulations (i.e. at T = 300 K) for perfluorodecane in this work was of the order of 1 out of every
9,000,000 attempts (i.e. ~Ix107 percent!). This problem with the Gibbs ensemble technique was
discussed in chapter 2.1.4 of this work, and more thoroughly by Gubbins (1993) and Johansson (2007).
This low probability of swap move acceptance would thus hinder the development of any reliable
statistics in the system being analyzed. In addition, the actual values states in the work of Freire et al
(2006, 2010) were of the order of 0.01 mole percent, which was below the most precise statement of any
compositions possible in this work, due to the size of the systems being analyzed (i.e. ~0.1 mole percent).
This precision issue was discussed in greater detail in chapter 4.1 of this work. It was for these reasons

that the simulations were conducted without interaction parameter adjustment.

What was evident from the plots of the solubility data presented in figures 4-4 and 4-5 was that
similar general trends were present for both normal alkanes and perfluoroalkanes. That is, the solubility of
water in the alkane/perfluoroalkane was not significantly dependent on carbon number for carbon
numbers from 8 up to 16 carbon atoms at a fixed temperature of 450 K. For alkanes, this approximately
constant value was ~4 to ~6 mole percent water, and for perfluoroalkanes it was ~1 to ~2 mole percent

water.

With regard to the temperature dependence of the solubility of water in perfluoroalkanes and
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alkanes, similar trends were again observed. This trend was that of an exponential-type variation of
solubility with increasing temperature. What should be noted here is that the values stated for the alkanes
is in reference to the penultimate solubility values taken from the literature, with the appropriately
adjusted interaction parameter. As stated in the previous paragraph, some caution should be used when
dealing with the simulations conducted at temperatures of ~300 K, since the percentage of accepted swap
moves was exceedingly low, although when the compositions of the phases were analyzed as a function
of the number of moves applied to the system, the values were seen to be stable. Another important point
to note was that the actual values of the solubility of water for temperatures below ~400 K were actually
below the threshold of the precision of any stated compositions in this work (i.e. of the order of 0.1 mole
percent). This precision issue was discussed in greater detail in chapter 4.1 of this work. Thus, even if the
statistics generated were insufficient for these low temperatures, the extremely small values encountered
would have precluded their usefulness anyway. Also, as the aim of this portion of the solubility analysis
was to determine trends and general temperature- and carbon number-dependence, the results obtained

were sufficient.

It is also important to note that the literature data used for the comparison made use of the SPC
water model. In contrast, this study used the SPC-E water model. However, a precedent has in fact been
set in the literature for direct comparison, namely the work of Bolton et al (2009). In this work, data for
the solubility of water in PE generated using the SPC water model was directly compared to data
generated using the SPC-E. However, it should be noted that as these are two different water models,
perhaps any comparison may provide some indication as to the order of magnitude of the solubility. This
approximate, order of magnitude approach would then provide one with a rough idea as to the solubility
of water into various polymers using different water models. This important point should also be

considered for the systems of water + PTFE.

5.3 Polymer generation:

The polymer co-ordinates which were generated by the Python routine written for this project
were used for some of the polymer simulations in this work. The polymer simulations it was used in were
those where the carbon number was between and not including 16 and 300. The polymer program ran to
completion successfully using the co-ordinates generated by the Python routine. The trends observed for

the simulations which used these co-ordinates concurred with those observed for all of the other systems.
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Thus, the polymer co-ordinates which were generated by the Python routine have been validated.

A significant shortcoming of the polymer generation routine was found to be in generating large
molecules, of the order of ~70 carbon atoms or longer. In generating such large molecules, the simplistic
nature of the "straight chain" generation algorithm used in this routine hindered the development of
curved chains. This curvature would be dependent not only on the bending energy of the molecule, but
also the stretching and torsional potential energies. These energies were modeled using the TraPPE and
Cui models in this work, as discussed in chapters 2.1.1 and 6.8 respectively. The lack of such curvature in
the PTFE chains would result in the confinement of these chains to within cubic regions of a size directly
proportional to the lengths of the chains, since such chains cannot "bend" or twist in any way whatsoever.
This arrangement of the molecules would then result in problems when the end-bridging scheme of the
polymer program was to be used (this scheme was discussed in chapter 2.1.12), since there would thus be
very limited options for the end-bridging scheme to be applied to. To overcome this shortcoming, the
initial co-ordinates which were used for the long PTFE chains (i.e. 300 carbon atoms in this work) were

those of the polyethylene molecules used in the work of Johansson (2007).

5.4 Water solubility in PTFE:

As in the work of Johansson (2007), it was found that the solubility of the ten carbon chain in
water was extremely low. It was found to so low as to be negligible, since it was at least two orders of
magnitude below the previously stated precision of the phase compositions in this work. Thus, the ten
carbon chain was used as a surrogate for the polymer in the Gibbs ensemble portion of the program. In
order to validate this, a 16 carbon chain was used in a simulation of the short polymer molecule. This data
point was compared to the previously obtained measurement, and it was found that the solubilities

obtained agreed favourably. This raw data may be found in the appendix to this work.

Upon examination of figures 4-9 and 4-10, it was apparent that there was a plateau for the
solubility of water into PTFE which was a function of both carbon number and temperature. In order to
verify the observation of this plateau region, an additional data point was simulated. This data pointed
consisted of a system where the ratio of water molecules to PTFE molecules was doubled. This was
conducted due to the observation that the plateau region occurred at close to the maximum possible
solubility of water into the PTFE. This maximum may obtained by the observation that the system

consisted of 500 water molecules and 10 PTFE molecules. If all of the water molecules are placed into the
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polymer phase, a value obtained would be 98.0 mole percent water. It should be noted that the “water-
rich” phase contained no polymer molecules whatsoever. This verification step was conducted for a
polymer chain length of 50 carbon atoms. This verification step resulted in a system in which there were
500 water molecules and 5 PTFE molecules, as opposed to the usual 500 water molecules to 10 PTFE
molecules used in the other data points. The result of this verification step was found to agree closely with

the previously-obtained data. This result is to be found in the appendix to this work.

The solubility of water, on a molar basis, observed in the PTFE was found to be vastly greater
than that in PE, as evidenced by figure 4-11. This would not be surprising though, if one considers the
molar densities of PTFE as compared to PE at comparable polymer carbon numbers. The mass density of
high-density polyethylene is ~950 kg/m? at 25 °C (according to Dynalab Corp — see references), whereas
the mass density of PTFE is ~2160 kg/m? at 25 °C (according to Boedeker Plastics — see references).
Using a polymer carbon number of 300 carbon atoms then yields molar densities of ~0.14 kmol/m? and
~0.23 kmol/m? for PTFE and PE respectively. Thus it is apparent that there are far fewer PTFE molecules
in a given volume than PE molecules, and therefore there would be more free volume in PTFE than in PE.
This may be further illustrated by comparing the nature of the Lennard-Jones potential between the
constituents of the PTFE molecules as opposed to those of the PE molecules, as illustrated in the

following plots;
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Figure 5-3: Lennard-Jones potential between pairs of atoms at the ends of linear polymer
molecules. (-) CF,-CF, pair, (--) CH,-CH, pair. This plot was constructed using a distance resolution

of 0.05 Angstroms.
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Figure 5-4: Lennard-Jones potential between pairs of atoms along the chain of linear polymer
molecules. (-) CF,-CF, pair, (--) CH,-CH, pair. This plot was constructed using a distance resolution

of 0.05 Angstroms.
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Figure 5-5: Lennard-Jones potential between an atom on the end and an atom along the chain of a
linear polymer molecule. (-) CF,-CF, pair, (--) CH,-CH, pair. This plot was constructed using a

distance resolution of 0.05 Angstréms.

Figures 5-3 through 5-5 clearly illustrate that the most energy favorable distances between PTFE
molecules are greater than between PE molecules, by a margin of ~20 percent (5 A versus 4 A). This

distance increase may then be translated into a volume increase of ~95 percent for PTFE versus PE.

In order to determine whether the system temperature would result in similarly large water
solubilities in the polymer for other polymers, a further simulation was performed for polyethylene +
water at 600 K. This would then serve to provide evidence in favour of the acceptability of the high
solubility of water in PTFE found in this work. At 600 K it was found that the polymer phase consisted of
88.1 mole percent water. This result then would suggest that similarly high solubilities of water into the
polymer are possible for other polymers. This result may be found in the full set of PTFE + water

simulation data presented in the appendix to this work.

The increased void size observed by plotting the Lennard-Jones potential concurs qualitatively
with the work of Dlubek et al (1998), in which the free volume found in PTFE and PE was compared by

way of positron probing. In this work, it was found that the average hole size in PTFE was roughly twice
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the size of the average hole in PE at the same temperature, with peak values of ~0.37 nm3 for PTFE and
~0.18 nm® for PE at a temperature of 300 K. Using these void volumes, and using the radius of a water
molecule of 1.5828 A, as stated by Tamai et al (1995) — which yielded a spherical volume of ~0.0166 nm3
— it becomes apparent that in an average void in PTFE, it would be possible fit a maximum of ~22 water
molecules as opposed to ~11 water molecules in an average-sized void in PE (this is, of course, not taking
into account the interactions between the water and the PTFE/PE molecules, and so is a purely geometric
maximum). Thus, it would be entirely reasonable to expect to find significantly more water inside a body
of PTFE as compared to PE. It is important that caution should be used when using this quick calculation
to determine quantitative simulation results, as the radius of the water molecule model which is used in
any particular simulation is applicable, not the radius of a physical water molecule. Thus, the analysis
discussed in this paragraph should be taken qualitatively, in that there may be possibly twice as many

water molecules per void in PTFE as compared to PE, not necessarily 22 as compared to 11.

By looking at the Lennard-Jones potential between the water molecules and the polymer
constituents of PTFE and PE (i.e. the chain-end molecules and the molecules lying on the middle of the
polymer chains), trends regarding intermolecular spacing may also be observed. The relevant plots are as

follows;
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Figure 5-6: Lennard-Jones potential between a water molecule and an atom on the end of a linear
polymer molecule. (-) H,O-CF, pair, (--) H,0O-CH, pair. This plot was constructed using a distance

resolution of 0.05 Angstroms.
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Figure 5-7: Lennard-Jones potential between a water molecule and an atom along the chain of a
linear polymer molecule. Solid lines are for the H,0-CF, pair, dashed lines are for the H,0-CH,

pair. Plot was constructed using a distance resolution of 0.05 Angstréms.

Figures 5-6 and 5-7 clearly illustrate that the most energy-favorable distance for water molecules
to be found at in PTFE matrices is slightly larger than in matrices of PE molecules; by ~13 percent along
the carbon numbers (~4.5 A versus ~4 A) and by ~8 percent at the chain ends (~4.2 A versus ~3.9 A).
That this increase from PE to PTFE is not as great as the increase in distance found between polymer
molecules (as shown in figures 5-4 and 5-5) would then suggest that a greater number of water molecules
would be found in the spaces between PTFE molecules as compared to PE molecules. This concurs with

the aforementioned findings of Dlubek et al (1998).
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Figure 5-8: Radial distribution function of water in PTFE, for a carbon number of 300 at conditions
of T =450 K and P =2 MPa. Solid lines are for the H,O-CF, pair, dashed lines are for the H,O-CF,

pair.

Further insight into the ordering of the PTFE molecules can be gained by examining the radial
distribution functions (RDFs) of the water molecules with relation to the end atoms and atoms along the
length of the polymer chain. These RDFs can then be compared to RDFs obtained for the water-PE
system, as presented by Johansson et al (2007). The relevant plot, normalized by comparison to the water

density in the bulk material, is as follows;



74

& I i 1 a I.
2 4 6 8 10
Figure 5-9: Radial distribution function of water in PE, for a carbon number of 300 at conditions of

T =450 K and P = 600 kPa. From Johansson et al (2007). The solid line is for the H,O-CH, pair, the

dotted line is for the H,O-CH, pair.

A comparison of the amplitudes of the peaks for the PTFE RDF would suggest a greater degree of
ordered supramolecular structuring in the PTFE matrix as compared to the PE matrix. This is evident by
the higher amplitudes of the peaks in the RDFs presented in figures 5-8 and 5-9. Such higher amplitudes
would suggest that the probability of occurrence of water molecules is more restricted to specific regions
in PTFE as compared to PE. Highly ordered supramolecular structure is a feature found most evident in
crystalline solids. In these solids, the molecules confined only to certain discrete regions in space. In a n
amorphous liquid, it is more usual for the molecules to not be confined to certain discrete regions of
space. This increased level of ordering was also found by Friedemann et al (2001) in their investigation
into clustering of alkanes and perfluoroalkanes. In their study, Friedemann et al (2001) also found that the
perfluorinated forms of the alkanes being investigated were far more rigid than the alkanes themselves.
From this it can be inferred that as the polymer chains would be induced to move further apart due to
increasing temperatures, the rigid perfluoroalkanes would leave a more free volume between themselves
as compared to the alkanes. This greater free volume would this lead to higher water solubilities in the
perfluoroalkanes than the alkanes. Another consideration would be the effect of increasing polymer
carbon number coupled with this perfluoroalkane rigidity. Since a linear alkane molecule can become
more knotted the longer it gets, the difference in supramolecular structure caused by perfluoroalkane
rigidity would thus become more apparent at larger polymer carbon numbers. The increasing differences
in structure between PTFE and PTFE molecules is apparent upon examination of water solubility data.
These differences become more pronounced at longer polymer chain lengths. As the polymer chain length
increased, the differences between the PTFE + water and PE + water solubility data became more

apparent.
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A further point of importance to analyse was the irregular break in the general monotonic trends
of the system. This was observed to occur between carbon numbers 10 and 12, as illustrated by figures 4-
9 and 4-10, as well as in the results of the cluster analysis (chapter 4.5). In all of these sets of data it
would appear that there would be two different smoothed trends, one going up to carbon number 10, and
another continuing from carbon number 12. This clearly indicates a change in structure in the
perfluoroalkane occurring when the molecule reaches a length of ~12 carbon atoms. If one considers the
work of Jang et al (2003), then it becomes apparent as to why this irregularity may be occurring. As
discussed in chapter 2.2, it can be inferred from the data of Jang et al (2003) that a change in helical
energy contributions between carbon numbers 10 and 12. At carbon numbers less than and equal to 10
carbon atoms, it was found in the aforementioned work that Coulombic forces provided more energy than
the total fluorine-fluorine interaction towards the helical to all-trans conformation transformation,
whereas the scenario was reversed at carbon numbers larger than or equal to 12 carbon atoms. The
aforementioned work did not contain any data for a chain length of 11 carbon atoms. The relevant graph

from Jang et al (2003) can be found following;
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Figure 5-10: Energy components for the helical to all-trans conformation transformation of

perfluoroalkanes versus carbon number. From Jang et al (2003).

It is also possible to examine the average total intramolecular energy of each species in the
system. Such data may be found among the various output files produced by the Gibbs ensemble

program. Following may be found a plot of these intramolecular energies;
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Figure 5-11: Average total intramolecular energy of the linear perfluorocarbon and water molecules
as a function of perfluorocarbon carbon number, at T = 600 K. The dashed line is for

perfluorocarbons, the solid line is for water.

The analysis presented in figure 5-11 was performed at a temperature of 600 K. This was due to
the irregularities in the clustering and solubility data being most pronounced at higher temperatures.
Figure 5-11 clearly illustrates a peak in the intramolecular energy of the perfluorocarbon molecules at a
carbon number of 12. In contrast, the intramolecular energy of the water molecules remains largely
constant across the entire range of carbon numbers. This then concurs with the inference obtained from
the literature. However, further investigation on the effects upon the intramolecular structure of

perfluorocarbons should be undertaken before any firm conclusions may de drawn.

5.5 Cluster analysis of water molecules:

The water cluster topologies encountered in this work were directly compared to the work of
Johansson (2007). The different types of geometric arrangements of the water clusters encountered in this

work were defined along the same lines as Johansson (2007).
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Upon examination of figures 4-13 through 4-15 it was apparent that as a function of carbon
number, the size of the water clusters would decrease significantly, to the point that there were negligible
fractions of water molecules in clusters of larger than two molecules at a carbon number of 300. It was
also found, in figure 4-16, as well as in the aforementioned three figures, that as a function of
temperature, the fraction of water molecules in each of the cluster sizes increased, thus indicating that as
the temperature increased, there were more water molecules in all clusters. This concurs with the
observations from the figures 4-9 and 4-10, and figure 4-16, since in these figures the solubility of water
increases with temperature, and thus it would be reasonable to assume that with this greater number of
water molecules in the perfluoroalkane phase, more water molecules would be found in clusters at higher

temperatures.

A further point to note would be the appearance of the curves for each of the different cluster
sizes illustrated in figure 4-16. In this figure, it is apparent that there is a peak at ~550 K for bimolecular
which then decreases at higher temperatures. It can also be seen that for trimolecular clusters, there may
be some sort of leveling-off behavior occurring, whilst the frequency of tetramolecular clusters seems to
increase more rapidly at the highest temperatures encountered in this study. This trend concurs with the
work of Johansson (2007) and Johansson et al (2005), in which it was seen that for each cluster size, there
was a particular temperature at which maximal frequency was to be found. For pure water vapour, it was
found by Johansson et al (2005) that the temperature for maximal dimer frequency was between 550 K
and 600 K, using the SPC-E water model. For water in PTFE, it can then be concluded from this work
that the temperature for maximal dimer frequency would be ~550 K. This value is somewhat different to
that found by Johansson et al (2005) due to the differences in the water models being used; SPC-E - this
work - versus SPC — Johansson et al (2005). The determination of the temperature at which this maximal
frequency of larger clusters may occur is inherently limited by the critical conditions of the water model
being used, as well as the critical conditions of any other species in the system. This is due to the

requirement that the system being studied should be subcritical, in order for phase separation to occur.

In chapter 5.4, the nature of the arrangement of water molecules within the PTFE matrix was
discussed, which may also shed light onto the observed clustering behavior of water in PTFE as compared
to PE. In PE, it was found by Johansson et al (2007) that there were significantly more water molecules at
the chain ends in PE than along the length of the PE molecules (see figure 5-9). In this work, as evidenced
by figure 5-8, the same was found to be true, with more water molecules being found at the polymer chain
ends than along the length of the polymer chain. This should be expected, though, due to steric effects, as
discussed by Johansson (2007).
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A further factor contributing to the decreased water clustering observed in PTFE as compared to
PE would be the observation of the spacing of water molecules inferred from figures 5-8 and 5-9. The
larger ratio of the second peak to the first peak found in PTFE as opposed to PE would suggest that the
water molecules are not as densely-packed around the PTFE molecules as they are around PE molecules.
This lower density of water molecules around the PTFE molecules would then also result in fewer water
clusters forming, as there are fewer water molecules in close proximity which could interact with each

other through, for example, Hydrogen bonding.

Upon examination of figures 4-4 and 4-5, and figures 4-9 and 4-10, it can be seen that there is an
irregularity at a polymer carbon number of ~12 carbon atoms. This ties in with the details discussed in
chapter 5.4. Essentially, it can be inferred from the data of Jang et al (2003) that there is a change in the
regime of the energy contributions towards the helical to all-trans conformation transformation from a
polymer carbon number of 10 upwards. Therefore, it may be expected that the clustering behavior of

water molecules would differ at polymer carbon numbers greater than 10.

It can also be seen that the irregularity at carbon number 12 becomes increasingly less apparent at
higher temperatures for the smaller water clusters. However, it becomes increasingly apparent for the
larger water clusters at the higher temperatures. This may be expected if one considers that the free
volume increases greatly at the higher temperatures. This is due to the rigidity of the perfluoroalkane
chains. At these higher temperatures then, there will be voids of increasing size in which water clusters
may be found. Therefore, the probability of small water clusters to encounter a perfluoroalkane chain
decreases significantly with increasing temperature. Meanwhile, increasing void size may lead to larger
and larger water clusters forming. These clusters will in turn be in contact with the perfluoroalkane
chains. This will continue until thevoid sizes increase further so as to drastically decrease the probability
of this occurring too. Essentially, the influence of the helical structure of PTFE will decrease for a given
water cluster size with increasing temperature. This is due to the decreasing proportion of the free volume

within the PTFE matrix being adjacent to the PTFE molecules themselves.

Further insight into the clustering of water molecules within the PTFE can be gained from
detailed examination of the frequency of occurrence of particular arrangements of the water molecules as
a function of temperature, as well as an examination of the binding energy of the clusters as a function of
temperature. A similar analysis was conducted for water clustering in PE by Johansson et al (2007). The
results of this type of analysis can be found in figures 4-17 and 4-18. What was apparent in these figures
was that at higher temperatures, the formation of linear tetramers and pentamers was increasingly

favorable. With regard to tetramers, it was evident from figure 4-17 that the vast majority of clusters were
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linear, whilst for pentamers a branched linear structure (see the second series in figure 4-18) was most
prevalent. In figure 4-18 it was also seen that at from a temperature of 500 K to 550 K there was a
significant shift in frequency distribution, with the aforementioned branched structure dropping in
frequency from ~75 % to ~55 %, whilst the linear pentamer increased in frequency from ~15 % to ~30 %.
Previous computational and experimental work has shown that for water structures up to pentamers, the
minimum energy structures are cyclic, according to Kabrede & Hentschke (2003). However, it was found
by Johansson et al (2005) that at higher temperatures, open (i.e. linear) water structures tend to dominate,
due to entropic effects. These entropic effects are due to the entropies of the cyclic water structures as
compared to the linear water structures. These effects have also been observed experimentally by Mhin et
al (1993). Therefore, the trends observed in this work concur with the observations of Johansson et al

(2005), in that linear structures are seen to be increasingly prevalent at higher temperatures.

In order to further examine the supramolecular structuring of the perfluoroalkane matrix in
comparison to the alkane matrix, the binding energy of the water clusters may also be examined. This
“binding energy” refers to the energy that keeps the water molecules bound together in the cluster. This
“binding energy” is more commonly known as the Hydrogen bond energy. The binding energy for the

water molecules found in this work can be found following;
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Figure 5-12: Dimer and trimer water cluster binding energy versus temperature in perfluorodecane
and decane. () dimers in decane, (L) dimers in perfluorodecane, (@) linear trimers in decane,
(O) linear trimers in perfluorodecane, ( A ) cyclic trimers in decane, ( /\) cyclic trimers in
perfluorodecane. Lines have been added between the points as guides for the eye. The data for the

decane is from Johansson et al (2007).

What can be observed in figure 5-12 is that at the lower temperatures, the binding energies of the
water clusters are higher in perfluorodecane than in decane, whilst the binding energies are fairly similar
for perfluorodecane and decane as the temperature increases. At the lower temperatures, this higher
binding energy, which is noticeable for all of the topologies in figure 5-12, suggests that there may be
denser packing of the perfluorodecane molecules at lower temperatures than occurs in the decane. At the
lower temperatures, the denser packing does not appear to be totally in evidence, as only the cyclic
trimers have higher binding energies in perfluorodecane than in decane. This suggests that it is simply
more difficult and less probable for water molecules to form cyclic structures in perfluorodecane than in
decane, whilst the reverse appears to be true of the linear water clusters, both in the case of dimers and

trimers. In this regard, it is possible that future study into the geometry of the free volume in
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perfluoroalkanes as compared to alkanes may shed further light on the matter.

Another topic to examine is the extent to which perfluoroalkane molecules influence the
configuration of water molecules. This may be achieved by comparison to pure, saturated water vapour.
The comparison to pure saturated water vapor was undertaken as this possessed a similar density to the
water found in the polymer matrix. A similar study for the polyethylene/alkane + water system was
undertaken by Johansson (2007), which illustrated that the alkane molecules themselves did not play a
significant role in affecting the clustering behavior of the water molecules, except at temperatures lower

than ~ 450 K.

80

40
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Percentage of water molecules

350 450 550
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Figure 5-13: Percentage of water molecules in all clusters versus temperature for the decane +
water system compared to pure saturated water vapor. (-) water in decane, (-*) pure saturated water

vapor. From Johansson (2007).
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Figure 5-14: Percentage of water molecules in all clusters as a function of temperature for the
perfluorodecane + water system compared to pure saturated water vapor. (l}) water in
perfluorodecane, (-) pure saturated water vapor (literature data). The literature data is from

Johansson (2007).

Figures 5-13 and 5-14 illustrate a contrast in trends between the two different systems. For the
system of decane + water, there is a more similar trend in the clustering behavior at the higher
temperatures, whereas for the perfluorodecane + water system, the reverse is observed. This may indicate
that although there appears to be significantly more free volume with increasing temperature for systems
of perfluoroalkanes as compared to alkanes, this extra free volume is still significantly affected by the
fluorine atoms along the perfluoroalkane molecules. Further study of the strength and nature of these
water-fluorine interactions should be undertaken in future work in order to more accurately assess this

phenomenon.
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CHAPTER 6: CONCLUSIONS

For the test system of the light alcohols + water + n-dodecane, it was found that the simulations
agreed closely with the laboratory experiments only for the smallest of the three alcohols being studied,
i.e. methanol. This was found to be due to shortcomings in the TraPPE parameters when accounting for
the interactions of the alcohol + n-dodecane pair. This shortcoming was evident in the literature by which
these parameters were developed. This deviation from laboratory experiments was found to increase from

ethanol to isopropanol; thus increasing with increasing carbon number in the alcohol.

The application of MC simulations towards extrapolation of laboratory experiments at conditions
which were infeasible in the laboratory was successfully demonstrated for the methanol + water + n-
dodecane system. The shortcomings of molecular models, i.e. the TraPPE model, were illustrated for the

ethanol + water + n-dodecane and isopropanol + water + n-dodecane systems.

The influence of temperature and polymer carbon number was successfully determined for the
system of PTFE + water. This investigation was carried out for a wide range of temperatures and polymer

carbon numbers.

It was found that the solubility of water into the perfluoroalkane phase was exponentially
increased with increasing temperature. For perfluoroalkane carbon numbers of 8 to 16 carbons at 450 K,
it was found that carbon number did not have a significant influence, which was also observed by

Johansson (2007) for water in alkanes.

The solubility of water in PTFE was found to have an asymptotic value of 98.0 mole percent, or
59.6 g/kg polymer, which was significantly larger than the value of 2.5 g/kg polymer obtained for
polyethylene by Johansson et al (2007). This may have been due to the greater rigidity of the
perfluoroalkane chains as compared to alkanes, which was described by Friedemann et al (2001). This
greater rigidity would lead to greater supramolecular order for perfluoroalkanes as compared to alkanes.
Cluster analysis showed there was greater supramolecular ordering of the PTFE than was found in PE by

Johansson (2007), which concurred with the work of Friedemann et al (2001).
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Previous experimental work on the mean hole size in PTFE and PE by Dlubek et al (1998)
determined that the individual voids in the PTFE were approximately double the size of the voids in PE.
This greater specific free volume may also help to explain the high solubility of water in PTFE found in

this work.

An irregularity was observed in the solubility of water in the perfluoroalkane phase and in the
clustering behavior of water in the perfluoroalkane phase between carbon numbers of 10 and 12. This
may have been due to a change in the regime of the energy contributions towards the transformation from
an all-helical to an all-trans configuration inferred from the data of Jang et al (2003) for a carbon number

of 10 in perfluoroalkanes.

Linear water clusters were found to occur far more frequently than cyclic clusters in PTFE, which
was also found by Johansson (2007) for the case of water in PE. In both systems, linear water clusters
were found to account for approximately 90 percent of the total water clusters. Increasing temperature
was found to lead to an increasing frequency of linear water clusters over cyclic water clusters, which was

also found by Johansson (2007) to be the case for water in PE.
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CHAPTER 7: RECOMMENDATIONS

Several recommendations for future work have arisen from this project. For the systems of light
alcohols + water + n-dodecane it should be recommended that the TraPPE parameters for the alcohols and
n-dodecane are refined using laboratory experiments, or that further work be done on the mixing rules
applied to the existing TraPPE parameters. This would be undertaken iteratively, with each adjustment of
the parameters being compared to the experimental data, until a satisfactory agreement with the
experimental data is obtained. This was not undertaken as it did not fall within the scope of this project, as
the system of light alcohols + water + n-dodecane was a test system, used only to gain familiarity and
expertiseTransactions of the Connecticut Academy of Arts and Sciences in the field of molecular

simulations.

In order to confirm the results of the simulations of water solubility into the PTFE, laboratory
experiments of the molten polymer with water should be undertaken. Such measurements were not
undertaken as they did not fall within the scope of this project, as this project concerned the computer

simulation, at a molecular level, of the system of PTFE + water.

In order to gain further insight into the clustering of water into the PTFE matrix, a comprehensive
study of the spatial geometry of the free volume of the PTFE matrix should be undertaken. In addition, a
more detailed analysis of the PTFE polymer chains themselves may be undertaken in the future in order
to determine the behavior of the molecular structure of these chains over varying carbon numbers and
temperatures. This analysis would provide further insight into the variance of the geometry of the
perfluoroalkane chains under different conditions. This would then enable more solid conclusions to be
drawn as to the geometric effects of the perfluoroalkane chains upon the neighbouring water molecules.
Such an analysis fell beyond the scope of this project which was concerned solely with the effects of
temperature and polymer carbon number on the solubility and structuring of water within the PTFE

matrix. Such an analysis should be seriously considered for future work.
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APPENDIX 1: Model Parameters

Bond bending
Non-bonded interactions (Lennard-
Bond length Viena( AV =k, (A - Charge
Jones)
A) /2
O-H=1.04A, A,(H-0-H) =109.5°,
ek, =7821 K q, = -0.82e
fixed fixed
0,=3.166 A q,=0.4le

Table A-1-1: SPC water model parameters used in this work.

Bond bending

Non-bonded interactions
Bond length Viena Ak =k, (A - Charge
(Lennard-Jones)

A2
O-H=1.0A, A (H-O-H) = 109.5 °,
e /k, = 78.21 K q, = -0.8476¢
fixed fixed
0,=3.166 A q,, = 0.4238e

Table A-1-2: SPC-E water model parameters used in this work.
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Bond bending
Non-bonded interactions

Bond length Viena( Ak =k, (A - Charge
(Lennard-Jones)
A) /2
CH3-0=1.43 A, k,(CH3-O-H) = 55,400
€k = 98 K qo=-0.7e
fixed rad
O-H=0.95 A,
g/ky =93 K A, (CH3-O-H) = 108.5 ° q, = 0.435e
fixed
O =375A
0,=3.02A

Table A-1-3: TraPPE methanol parameters used in this work.
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; TorsionV, . (D)k,=¢
Non-bonded Bond bending B~ %
Bond interactions +c [l +cos(D)]+¢)l -
Vbend(A)/kB = ] ’ Charge
length (Lennard- cos(2D) + ¢;[1 +
k,(A-A)*/2
Jones) cos(3D)]

G, = k (CH.-CH,-O)
- - = q =
1.54 A, €k, = 98 K M ¢,=0K o
50,400 rad? 0.265¢
fixed
CH,-0 =
A,(CH,-CH,-0) =
1.43 A, €'k, =46 K ¢, =209.82 K 4o =-0.7¢
109.47 ©
fixed
O-H =
k,(CH,-O-H) =
0.95 A, gk, =93 K ¢,=-29.17K q,, = 0.435¢
55,400 rad-?
fixed
A,(CH,-O-H) =
Oy =375 A c,=187.93K
108.5°
Oup=395A
0,=3.02A

Table A-1-4: TraPPE ethanol parameters used in this work.
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Torsion
Non-bonded Bond bending Vomsion PV = ¢, +
Bond interactions
lenath " q Viend Ak =k, (A ¢,[1+cos(D)] + Charge
engt ennard-
Jones) -A))/ 2 c,[1 - cos(2D) +
¢c,[1 + cos(3D)]
CH,-CH =
k,(CH,-CH-CH,) =
1.54 A, €k =98 K c,= 21596 K qey = 0.265¢
fxed 62,500 rad-?
ixe
CH-O=
A (CH,-CH-CH,)
1.43 A, €q/ky = 10K ¢, =19733K q,=-0.7¢
=112°
fixed
O-H=
k,(CH,-CH-O) =
0.95 A, g/ky =93 K c,=31.46 K qy = 0.435¢
fixed 50,400 rad?
ixe
A (CH,-CH-0O) =
O =3.75A c,=-173.92K
109.47 °
6. =433 A K(CH-O-H) =
o 55,400 rad>
300 A A, (CH-O-H) =
o, =3.
° 108.5 ©

Table A-1-5: TraPPE isopropanol parameters used in this work.
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} Torsion V. (D)/k, =c,+
Non-bonded Bond bending V,__(A)/k, ‘ C
Bond length interactions c,[1 +cos(D)] +c,[1 -
=k, (A-A,)?/2
(Lennard-Jones) cos(2D) + ¢,[1 + cos(3D)]
CH,-CH, = k,(CH-CH-CH,) =
€'k, = 46 K c,=0K
1.54 A, fixed 62,500 rad?
Eqn/ky = 98 K A(CH-CH-CH,) = 114° ¢, =-335.03K
O, =395A c,=68.19K
Oy =375 A c,=-791.32K

Table A-1-6: TraPPE alkane parameters used in this work.
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Non-bonded Bond bending V,__(A)/k, Torsion V. (D)/k, =
Bond length interactions
=k,(A-A)?*/2 2. [c.cosi(D)] fori=1[0,7]
(Lennard-Jones)
CF-CF,= k,(CF-CF-CF,) = 62,500
Er/ky = 87K c,=940.1 K
1.54 A, fixed rad?
Ep/ky =27.5K A(CF-CF-CF)=114° c,=-282.7K
Oy =436 A c,=13552K
Oy, =473 A c,= 6,800 K
c,=-78753 K
c;=-14,168 K
c,=9213.7K
c,=4,123.7K

Table A-1-7: TraPPE perfluoroalkane parameters used in this work. This includes the modified

torsional potential.
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APPENDIX 2: Molecular validation

This work Reference
Deviation from ref. (%)

Bondno. Length (A) Bondno. Length(A)

1 1 1 0.951
5.164
2 1 2 0.951
5.164
Angleno. Angle (°) Angleno. Angle (°)
1 109.5 1 107.69
1.68

Table A-2-1: Results of the validation testing of the SPC water molecules generated in this work.
The reference values are those which have been optimized using the UFF in Avogadro (see

references).

This work Reference
Deviation from ref. (%)

Bondno. Length (A) Bond no. Length (A)

1 1 1 0.951
5.164
2 1 2 0.951
5.164
Angleno.  Angle (°) Angleno.  Angle (°)
1 109.5 1 107.69
1.68

Table A-2-2: Results of the validation testing of the SPC-E water molecules generated in this work.
The reference values are those which have been optimized using the UFF in Avogadro (see

references).
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This work Reference
Deviation from ref. (%)

Bondno. Length (A) Bondno. Length (A)

1 1.43 1 1.395
2.524
2 0.95 2 0.949
0.137
Angle no. Angle(°®)  Angleno. Angle (°)
1 111.181 1 107.451
3.471

Table A-2-3: Results of the validation testing of the methanol molecules generated in this work. The

reference values are those which have been optimized using the UFF in Avogadro (see references).

This work Reference
Deviation from ref. (%)

Bond no. Length (A) Bondno. Length (A)

1 0.95 1 0.95

0.285
2 1.43 2 1.41

1.454
3 1.54 3 1.52

1.456

Angleno. Angle (°®) Angleno. Angle (°)

1 113.7 1 108

5.473
2 106.5 2 107

0.14

Table A-2-4: Results of the validation testing of the ethanol molecules generated in this work. The

reference values are those which have been optimized using the UFF in Avogadro (see references).
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This work Reference
Deviation from ref. (%)

Bondno. Length (A) Bondno. Length (A)

1 1.54 1 1.525
0.997
2 1.54 2 1.528
0.799
3 1.43 3 1.417
0.903
4 0.95 4 0.948
0.243
Angleno.  Angle (°) Angleno.  Angle (°)
1 114.2691 1 110.8609
3.074
2 138.4024 2 111.9646
23.613
3 106.5354 3 106.7103
0.164
4 109.8865 4 106.6491
3.036

Table A-2-5: Results of the validation testing of the isopropanol molecules generated in this work.
The reference values are those which have been optimized using the UFF in Avogadro (see

references).
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Length (A) Reference Deviation from ref. (%)
Bond no. This work Bond no. Length (A)
1 1.54 1 1.538 0.143
2 1.54 2 1.536 0.247
3 1.54 3 1.538 0.13
4 1.54 4 1.537 0.215
5 1.54 5 1.534 0.385
6 1.54 6 1.537 0.215
7 1.54 7 1.54 0.026
8 1.54 8 1.526 0.904
9 1.54 9 1.536 0.241
10 1.54 10 1.526 0.904
11 1.54 11 1.538 0.137
Angle no. Angle (°) Angle no. Angle (°)
1 114.18 1 113.36 0.724
2 117.22 2 113.33 3.436
3 109.67 3 110.89 1.108
4 110.5 4 113.18 2.367
5 111.48 5 110.9 0.524
6 112.24 6 111.01 1.116
7 109.11 7 113.37 3.759
8 116.4 8 111 4.859
9 103.26 9 113.16 8.747
10 116.3 10 113.3 2.652

Table A-2-6: Results of the validation testing of the n-dodecane molecules generated in this work.
The reference values are those which have been optimized using the UFF in Avogadro (see

references).
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This work Reference Deviation from ref. (%)
Bond no. Length (A) Bond no. Length (A)
1 1.54 1 1.541 0.058
2 1.54 2 1.559 1.212
3 1.54 3 1.558 1.155
4 1.54 4 1.563 1.472
5 1.54 5 1.541 0.058
6 1.54 6 1.558 1.155
7 1.54 7 1.559 1.212
Angle no. Angle (°) Angle no. Angle (°)
1 115.381 1 117.213 1.563
2 110.094 2 117.047 5.941
3 111.059 3 117.047 5.116
4 111.604 4 116.066 3.845
5 105.343 5 117.213 10.127
6 111.211 6 116.066 4.183

Table A-2-7: Results of the validation testing of the perfluoroalkane molecules generated in this
work. perfluorooctane was used for this test. The reference values are those which have been

optimized using the UFF in Avogadro (see references).
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APPENDIX 3: Compositional convergence testing

Ethanol
i.
80 / .. 20
20 e
_ oo ®
40\
60 a \
\
|
40 60\
20 30
[ |
Water 80 60 40 20 n-Dodecane

Figure A-3-1: Ternary LLE plot of the compositional convergence test. Values are in mole percent. (
B) simulations at T = 400 K (this work), ([]) after 0 MC moves, (<) after 6x106 MC moves, ( /\)
after 12x106 MC moves, (O ) after 18x106 MC moves, (@) after 24x106 MC moves.
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Compositions (mole fractions)

MC moves
0 6 12 18 24

(109

X ater 0.134 0.095 0.142 0.063 0.045
Phase I X, Dodecane 0.101 0.161 0.119 0.216 0.172

X pihanol 0.765 0.743 0.739 0.721 0.783

X water 0.116 0.140 0.115 0.149 0.156
Phase 11 X, Dodecane 0.099 0.068 0.090 0.055 0.073

X hanol 0.785 0.791 0.795 0.796 0.772

Table A-3-1: Results of the compositional convergence test for the ethanol + water + n-dodecane

system at T =400 K.
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APPENDIX 4: Perfluoroalkane + water raw data

With regard to the column labeled “Program used”; “GEMC” here refers to the Gibbs Ensemble
Monte Carlo program of Errington & Panagiotopoulos (2000), while “Polymer” here refers to the
combined Gibbs ensemble and end-bridging program developed by Johansson (2007) using the
algorithms of Mavrantzas et al (1999).

N X yater o Program used Configuration Comments
8 0.014 0.002 GEMC 500 H,O, 100 PTFE
10 0.014 0.000 GEMC 500 H,O, 100 PTFE
12 0.013 0.000 GEMC 500 H,O, 100 PTFE
16 0.017 0.001 GEMC 500 H,O, 100 PTFE
The same point was
20 0.014 0.000 GEMC 500 H,0, 100 PTFE compared for the 2
programs
20 0.037 0.001 Polymer 500 H,O, 10 PTFE
30 0.182 0.007 Polymer 500 H,O, 10 PTFE
35 0.260 0.004 Polymer 500 H,O, 10 PTFE
40 0.458 0.006 Polymer 500 H,O, 10 PTFE
45 0.548 0.018 Polymer 500 H,O, 10 PTFE
50 0.529 0.021 Polymer 500 H,O, 10 PTFE
100 0.927 0.005 Polymer 500 H,O, 10 PTFE
300 0.980 0.000 Polymer 500 H,O, 10 PTFE
P =600 kPa was used
instead of 2 MPa to
300 0.980 0.000 Polymer 500 H,O, 10 PTFE

directly compare to

data for PE
Table A-4-1: Composition data (in mole fractions) for the perfluoroalkane/PTFE + water systems at

T =450 K.
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Organic box Water box

N p o p o

8 1596.50 0.47 867.00 0.32
10 1670.80 2.28 862.22 1.51
12 1727.20 1.20 922.43 0.29
16 1803.40 8.41 866.49 0.10
50 31.13 6.96 436.42 97.59
300 0.02 0.01 531.43 118.83

Table A-4-2: Density data (in kg/m?3) for the perfluoroalkane/PTFE + water systems at T = 450 K.

X yater o Program used Configuration Comments
8 0.054 0.000 GEMC 500 H,0, 100 C8F18
10 0.058 0.007 GEMC 500 H,0, 100 C8F18
12 0.035 0.011 GEMC 500 H,0, 100 C8F18
16 0.073 0.005 GEMC 500 H,0, 100 C8F18
50 0.799 0.002 Polymer 500 H,0, 10 C8F18
100 0.976 0.002 Polymer 500 H,0, 10 C8F18
300 0.980 0.000 Polymer 500 H,0, 10 C8F18
Table A-4-3: Composition data (in mole fractions) for the perfluoroalkane/PTFE + water systems at
T =500 K.
Organic box Water box
N p o p (o)

8 1473.30 0.73 812.56 2.45

10 1568.50 7.28 819.88 0.74

12 1628.90 3.51 716.83 2.36

16 1703.40 0.54 815.91 6.48

50 72.17 0.09 819.35 2.20

300 0.06 0.01 898.21 24.32

Table A-4-4: Density data (in kg/m?3) for the perfluoroalkane/PTFE + water systems at T = 500 K.
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N X yater o) Program used Configuration Comments
8 0.400 0.017 GEMC 500 H,0, 100 PTFE
10 0.499 0.014 GEMC 500 H,0, 100 PTFE
11 0.400 0.004 GEMC 500 H,0, 100 PTFE
12 0.362 0.003 GEMC 500 H,0, 100 PTFE
13 0.391 0.000 GEMC 500 H,0, 100 PTFE
16 0.425 0.006 GEMC 500 H,0, 100 PTFE
20 0.467 0.004 Polymer 500 H,0, 10 PTFE
40 0.939 0.000 Polymer 500 H,0, 10 PTFE
50 0.968 0.001 Polymer 500 H,O, 10 PTFE C,, used instead of C,
50 0.965 0.002 Polymer 500 H,O, 10 PTFE
Water:polymer ratio
50 0.980 0.001 Polymer 500 H,0, 5 PTFE
doubled
100 0.978 0.029 Polymer 500 H,0, 10 PTFE
300 0.980 0.000 Polymer 500 H,O, 10 PTFE
300 0.881 0.001 Polymer 500 H,0, 10 PE PE instead of PTFE
Table A-4-5: Composition data (in mole fractions) for the perfluoroalkane/PTFE + water systems at
T =600 K.
Organic box Water box
N p o p o
8 1068.70 7.18 590.38 3.28
10 1117.10 15.23 644.53 1.54
12 1305.60 3.26 587.13 5.57
16 1391.70 2.42 643.55 5.94
40 273.21 0.31 626.72 4.40
50 120.01 4.30 564.02 15.02
300 0.26 0.07 696.19 15.06

Table A-4-6: Density data (in kg/m?) for the perfluoroalkane/PTFE + water systems at T = 600 K.
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T (K) X yater o) Program used Configuration Comments
300 0.000 0.000 GEMC 500 H,0, 100 PTFE
350 0.000 0.000 GEMC 500 H,0, 100 PTFE
400 0.003 0.000 GEMC 500 H,0, 100 PTFE
450 0.014 0.000 GEMC 500 H,0, 100 PTFE
500 0.058 0.007 GEMC 500 H,0, 100 PTFE
550 0.180 0.007 GEMC 500 H,0, 100 PTFE
600 0.499 0.014 GEMC 500 H,0, 100 PTFE

Table A-4-7: Composition data (in mole fractions) for the perfluorodecane + water system from T =
300 Kto T =600 K.
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Abstract

The light alcohols methanol, ethanol and isopropanol are frequently encountered in aqueous solution in
industry. Their removal from the water is achieved via extractive distillation with n-dodecane as the
solvent. These alcohols may then be removed from the n-dodecane via a further extraction step. The
thermodynamic state of interest encountered in these procedures is that of liquid-liquid equilibrium. Data
has previously been measured for these systems at temperatures ranging from 298.14 K to 333.15 K. In
this work, Monte Carlo simulations were performed to compare to the earlier experimental data. These
simulations used the Gibbs ensemble with the Transferrable Potentials for Phase Equilibrium (TraPPE)
coupled with the classical Lorentz-Berthelot combining rules. Simulations were then performed to
extrapolate the phase diagrams to 350 K and 400 K. The simulations for the systems containing methanol
agreed favorably with the experimental data. The simulations for the ethanol and isopropanol systems
failed to reproduce the plait point encountered in the experiments, even at the extrapolated temperatures.
The deviations of the simulations from the experimental data were found to increase with increasing

carbon number in the alcohol.
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Keywords: molecular simulation, alcohol, water, alkane

1. Introduction

In the removal of light alcohols such as ethanol and methanol from water, extractive distillation is
employed in industry. The solvent used in this process is n-dodecane, and after this extraction step, the
alcohols may be removed in turn from the n-dodecane. Sasol Ltd of South Africa uses this procedure
when handling the aforementioned chemicals in this way. The non-ideal nature of the interactions
between the water and the n-dodecane, and to a lesser extent between the alcohols and the n-dodecane,
results in a system of two liquid phases in contact with each other. One of these two liquid phases is
dominated by the n-dodecane, whilst the other is dominated by the alcohol-water mixture. To this end,

liquid-liquid equilibrium (LLE) data are necessary to accurately model such systems in industry.

Frequently, LLE data for such systems was measured by laboratory experiments, often conducted
at atmospheric pressure. A major drawback associated with LLE measurements is that the boiling points
of the species under investigation often result in a limited temperature range for analysis. To overcome
this, one option is to engage in the use of molecular simulations to predict LLE data, as computer

simulations are not restricted by any such feasibility issues.

The systems studied in this work have been measured previously [1] in the laboratory. This study
would then serve to extrapolate the measurements for these systems to higher temperatures which would
be difficult to obtain in the laboratory due to the aforementioned constraints. A further use of this current
study would be to test the accuracy of the TraPPE model for describing such a system. This may then be

for compared with work on liquid-liquid equilibria of alcohols with n-alkanes [2].

2. Theory and methods

The TraPPE model was used to simulate the alcohols and the n-dodecane in this work. The model which
was used for the water molecules in this work was the Simple Point Charge (SPC) model. This model was
selected due to its agreeable fit to experimental data for water + alkane systems [3]. The water + alkane
pair should be more non-ideal than the water + alcohol pair due to there being no hydrogen bonding

between the alkanes and water, and the fact that the alkanes are completely non-polar whilst water is a
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polar molecule. Therefore, a water model which more accurately described this interaction would be

preferred.

The software used in the simulations in this work was the Gibbs ensemble program of Errington
and Panagiotopoulos [4], which made use of the Gibbs ensemble method [5]. A potential source of error
in molecular simulations is the influence of surface effects due to the ratio of “surface” molecules to
“interior” molecules in a system, which increases rapidly with decreasing system size. To overcome this
hurdle, the Gibbs ensemble makes use of interconnected “boxes” linked by the possibility of transfer of

molecules as a surrogate for the interior space of separate phases.

The bulk of the simulations (~80 percent) in this work were computed on the Beowulf cluster
belonging to the Thermodynamics Research Unit at the University of KwaZulu-Natal. In the case of an
overflow of simulation jobs in the job queue, a Beowulf cluster at University College of Borés in Sweden

was also used.

All of the simulations used for comparison to the literature were conducted at the same
temperatures and pressures as the literature. The extrapolations were, in all cases, conducted at P = 60
bara, in order to prevent the vaporization of the water and the alcohols. The constant moles-pressure-
temperature (NPT) ensemble of the Gibbs ensemble program was used for the simulations in this work, in

order to account for the degrees of freedom of the system according to the Gibbs phase rule [6].

In addition, the NPT ensemble is most analogous to laboratory experimentation, whereby the
temperature and pressure are monitored and controlled to manipulate a closed system in which the

number of molecules is held constant.

The simulations consisted of runs in two overall portions; equilbriation to ensure that both phases
were in internal equilibrium and in equilibrium with each other, and production in order to generate data
to reduce statistical uncertainty. Each equilibriation period consisted of between 45x10° and 90x10°

Monte Carlo moves, whilst each production period was between 90x10° and 135x10° Monte Carlo moves.

The initial compositions of the phases used in the simulations were those of the highest
temperatures for each type of alcohol. The size of each system was determined such that there would be
between 300 and 500 molecules per system. This lower limit was determined from previous work on
water + n-alkanes [7]. The upper limit was determined by memory constraints on the computers being

used, in order to avoid excessive computational time for the simulations.

The fractions (expressed as percentages) of the total number of Monte Carlo moves for
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translation/rotation, volume change, interphase transfer (swapping) and regrowth were 54.0 %, 0.3 %,
50.0 % and 15.7 % respectively. This was done in order to focus the simulations on the more statistically
significant moves (translation/rotation and swapping) as opposed to volume change, which have been

described as disproportionately computationally costly [8].

The TraPPE model used in this work made use of the united atom approach. This approach
entailed the treatment of individual functional groups as pseudo-atoms. This approach thus results in the
hydrogen atoms in the CH; and CH, functional groups being handled implicitly, for computational
expediency. The TraPPE model parametrized the various intra- and intermolecular interactions, namely:
Stretching, bending, torsion, the electrostatic potential, and the van der Waals forces. The van der Waals
forces were handled by means of a Lennard-Jones potential [9] for computational expediency. The
parameters for these interactions were taken from various literature sources [2,10,11,12,13]. The Lennard-
Jones interactions between unlike pairs were accounted for using the classical Lorentz-Berthelot

combining rules [14,15]

The fairly standard MC moves which were considered in the Gibbs Ensemble were of 3 basic
types: volume change, translation/rotation and particle exchange. As has been discussed in the literature
[16], the first of these moves attains mechanical equilibrium, the second internal equilibrium, and the
third chemical equilibrium. Additionally, configurational bias was also employed in these simulations.
This approach entailed the construction of each molecule, atom by atom, followed by spatial testing of the
newly-constructed molecule in order to determine the most energy-favorable arrangement. The
acceptance or rejection of this arrangement is then determined by using the usual MC Boltzmann
weighting criterion. This method has previously been used for alkanes [17] in order to overcome
difficulties with particle insertion into dense phases, and for water [18], in which it was found that
configurational bias lent itself to rapidly determining favorable orientations of the water molecules by

functioning as a combined translation-rotation move.

4. Results

Presented below are ternary LLE diagrams of all of the systems concerned, along with tables of the LLE

data.
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XWater Xn-Dodecane XMethanol
T=313.14K
Phase 1
0.000 0.991+0.013 0.009 +0.013
0.000 0.997 + 0.005 0.003 + 0.005
0.000 0.998 + 0.003 0.002 + 0.003
0.000 0.998 + 0.004 0.002 + 0.004
Phase II
0.000 0.006 0.994
0.221 0.013 0.765
0.547 0.002 0.450
0.824 0.000 0.176
T=350K
Phase 1
0.000 0.791 +£ 0.022 0.209 + 0.022
0.001 £ 0.001 0.969 + 0.014 0.030+0.014
0.001 £+ 0.001 0.995 + 0.003 0.004 + 0.003
0.001 + 0.001 0.996 + 0.004 0.004 + 0.004
Phase 11
0.000 0.010 0.990
0.225+0.001 0.000 0.775 + 0.001
0.549 0.000 0.451
0.824 0.000 0.176
T=400K
Phase 1
0.000 0.893 + 0.064 0.107 + 0.064
0.004 + 0.004 0.931 +£0.028 0.065 + 0.027
0.011 £+ 0.008 0.923 +£0.028 0.066 + 0.023
0.006 + 0.004 0.975+0.011 0.019+0.010
Phase 11
0.000 0.065 + 0.003 0.935+ 0.003
0.223 +£0.001 0.015+0.002 0.762 + 0.002
0.552 +0.002 0.001 +£0.001 0.447 + 0.002
0.826 = 0.001 0.000 0.174 £ 0.001

Table 1. Simulated LLE data for the water + n-dodecane + methanol system.
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XWater Xn-Dodecane XEthanol
T=333.15K
Phase 1
0.000 0.977 £ 0.020 0.023 + 0.020
0.000 £+ 0.001 0.993 +£ 0.008 0.006 + 0.008
0.000 + 0.001 0.992 + 0.008 0.007 +£ 0.008
0.000 £+ 0.001 0.993 + 0.009 0.006 + 0.009
Phase 11
0.000 0.013 0.987
0.223 0.005 0.772
0.548 £ 0.001 0.001 £ 0.001 0.450 +£ 0.001
0.824 £ 0.001 0.000 0.176 £ 0.001
T=350K
Phase 1
0.000 0.645 +0.023 0.355+0.023
0.009 + 0.012 0.878 £ 0.021 0.113 £ 0.020
0.001 £+ 0.001 0.979 +0.015 0.020 +£ 0.015
0.001 + 0.002 0.989+0.012 0.010+0.011
Phase 11
0.000 0.024 0.976
0.224 + 0.002 0.015+0.001 0.761 +£ 0.002
0.550 + 0.001 0.000 0.450 + 0.001
0.825+ 0.001 0.000 0.175+0.001
T=400K
Phase 1
0.000 0.110 +0.029 0.890 + 0.029
0.120+0.017 0.311+0.013 0.568 £ 0.019
0.011+0.011 0.920 + 0.045 0.069 + 0.038
0.007 £ 0.007 0.954 + 0.033 0.039 + 0.029
Phase 11
0.000 0.151 +£0.019 0.849+0.019
0.238 £ 0.012 0.036 + 0.004 0.726 £ 0.011
0.547 + 0.003 0.011 +0.003 0.442 + 0.003
0.828 + 0.005 0.001 + 0.002 0.171 £ 0.004

Table 2. Simulated LLE data for the water + n-dodecane + ethanol system.



118

XWater Xn-Dodecane X[sopropanol
T=333.15K
Phase I
0.000 0.553 +£0.026 0.447 £ 0.026
0.122+0.018 0.505+0.013 0.373 +£0.018
0.166 + 0.029 0.520 +0.020 0.314 +0.024
0.128 £ 0.030 0.733 £ 0.028 0.139 +0.022
Phase I1
0.000 0.000 1.000
0.219 + 0.007 0.000 0.780 + 0.007
0.575 + 0.006 0.000 0.425 + 0.006
0.843 + 0.005 0.000 0.157 £ 0.005
T=350K
Phase I
0.000 0.946 + 0.021 0.054 +0.021
0.006 + 0.004 0.939 +0.022 0.054 +0.021
0.007 + 0.006 0.970 £ 0.013 0.023 +£0.012
0.008 + 0.006 0.938 +£0.023 0.053 +0.022
Phase II
0.000 0.003 + 0.002 0.997 £+ 0.002
0.225+0.001 0.001 +£0.002  0.774 + 0.002
0.548 + 0.001 0.003 £ 0.001 0.449 + 0.001
0.830 £+ 0.003 0.000 0.170 + 0.003
T=400K
Phase I
0.000 0.702 + 0.055 0.298 + 0.055
0.034 £ 0.015 0.779 + 0.054 0.187 + 0.047
0.052 +0.013 0.754 £ 0.031 0.194 + 0.027
0.051 +0.019 0.875+0.033 0.074 + 0.021
Phase I1
0.000 0.007 + 0.004 0.993 + 0.004
0.219 + 0.003 0.035+0.006  0.746 + 0.005
0.562 + 0.003 0.001 £ 0.001 0.437 +0.003
0.813 +0.003 0.021 + 0.003 0.165+0.003

Table 3. Simulated LLE data for the water + n-dodecane + isopropanol system.



119

Methanol

Water

Figure 1. Ternary LLE plot of the methanol + water + n-dodecane system; comparison of simulations with
experimental results. ([]) experiments at T =313.14 K (literature), ( -, ) simulations at T =313.14 K
(this work), (' A ) simulations at T =350 K (this work), () ) simulations at T =400 K (this work).

Literature data is from [1].
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Figure 2. Ternary LLE plot of the ethanol + water + n-dodecane system; comparison of simulations with

experimental results. ([ ]) experiments at T =333.15 K (literature), (¢, ) simulations at T 313.14 K (this
work), () simulations at T =350 K (this work), () simulations at T =400 K (this work). Literature

data is from [1].



121
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Figure 3. Ternary LLE plot of the isopropanol + water + n-dodecane system; comparison of simulations
with experimental results. ([]) experiments at T = 333.15 K (literature), ( ¢, ) simulations at T 313.14 K
(this work), (' A ) simulations at T =350 K (this work), () ) simulations at T =400 K (this work).

Literature data is from [1].

5. Discussion

It can be seen in figure 1 that the simulations at T = 313.14 K for the methanol + water + n-dodecane

system agreed favourably with the literature. The extrapolations of the methanol + water + n-dodecane
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system to T = 350 K and T = 400 K (see figure 1) also yielded only marginal increases in the mutual
solubilities between the aqueous and organic phases. It should be noted that the system of methanol +
water + n-dodecane did not exhibit a plait point in either the simulations or the laboratory experiments

(i.e. the literature data).

The simulations for the ethanol + water + n-dodecane system at T =333.15 K (see figure 2) did
not agree favourably with the literature in the region where the Xemao > 70 mole percent in the aqueous
phase. In this region, it was observed that the simulations deviated increasingly with increasing ethanol
composition in both phases. The most extreme deviation to be found in this region was the absence of a
plait point, which occurred not just at T =333.15 K, but also at T =350 K and T =400 K (see figure 2). In
contrast to this though, the simulated LLE curve for systems containing less than 70 mole percent ethanol
(in the aqueous phase) agreed favourably with the laboratory measurements (i.e. the literature data). This
may then suggest that the TraPPE ethanol + SPC water + TraPPE n-dodecane system approximates the
real ethanol + water + n-dodecane system in the region where Xemmo in the aqueous phase < 70 mole

percent only.

Upon examination of the isopropanol + water + n-dodecane system (see figure 3), similar trends
to the ethanol + water + n-dodecane system were observed. In this case (i.e. for the isopropanol + water +
n-dodecane system), the simulations did not yield a plait point either, and increasing deviations from the
literature data were also observed for concentrations of the alcohol in the aqueous phase exceeding a
certain value. It was also observed that the simulations at the extrapolated temperatures (i.e. T = 350 K
and T = 400 K) did not yield a plait point. In the case of the isopropanol + water + n-dodecane system,
this threshold was observed to be Xispropanot ~ 20 mole percent in the aqueous phase. For concentrations of
the alcohol in the aqueous phase less than this value, the simulated LLE curves agreed favourably with

the laboratory experiments.

The observations for the systems of methanol/ethanol/isopropanol + water + n-dodecane
illustrated a trend of increasing deviation from laboratory measurements with increasing carbon number
in the alcohol. This was apparent from the threshold concentration of alcohol in the aqueous phase above
which significant deviations from the laboratory measurements occurred. Explicitly, this may be

represented as follows;
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Alcohol carbon number X ytcohol aqueous TANEE (Mole fraction)
1 00-1.0
2 0.0-0.7
3 0.0-0.2

Table 4. Approximate ranges of alcohol concentration in the aqueous phase for which the simulations

approximated the laboratory experiments favourably.

Table 4 then illustrates that the TraPPE alcohol model does not adequately describe the
interactions between alcohol + water + n-dodecane, except possibly within certain phase concentration
limits. These limits may become more and more restricted with increasing carbon number in the alcohol
(see table 4), although a more exhaustive study should be conducted before any firm conclusions may be
drawn in this regard. All that may stated with certainty thus far is that the TraPPE model for alcohols
possesses serious shortcomings in systems containing alcohol + water + n-dodecane, using the classical

non-bonded interaction combining rules (i.e. the Lorentz-Berthelot combining rules).

Upon examination of the literature from whence the TraPPE parameters for the alcohols were
derived [2], it was to be seen that there were significant deviations from laboratory experiments involving
interactions of the alcohol-alkane pair. In the case of the methanol + hexane system, for example, it was
found in these simulations [2] that there were deviations of up to 40 percent from laboratory
measurements of the vapour-liquid equilibrium of the methanol + hexane system. Therefore, it may then
be expected that as the interactions between the alcohol-alkane pair become increasingly dominant (i.e. as
the proportion of alcohol + alkane to water molecules increases) there may be increasing deviations from

laboratory experiments.

6. Conclusions

It was observed that the simulations for the LLE of the methanol + water + n-dodecane system agreed
favourably with previous laboratory experiments. Extrapolations of this system to T =350 K and T =400

K yielded only marginal increases in the mutual solubility between the aqueous and organic phases.

For the simulated ethanol/isopropanol + water + n-dodecane systems, there were observed to be
significant deviations from labortaory experiments. In no cases was there observed to be a plait point,

which was found to occur in the laboratory experiments for both of these systems. It was found there was
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a threshold of alcohol concentration in the aqueous phase below which the simulations agreed favourably
with the laboratory experiments. These thresholds were found to be 70 mole percent and 20 mole percent

for ethanol and isopropanol respectively.

The TraPPE description of alcohols, in conjunction with the classical Lorentz-Berthelot
combining rules for the non-bonded interactions, was found to be inadequate to describe the interactions
between alcohols + water + n-dodecane. It was also observed that there may be a trend of increasing

deviations from laboratory experiments with increasing carbon number in the alcohol.
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Abstract

Polytetrafluoroethylene (Teflon®) is encountered in many different environments, yet the solubility
behavior of the common solvent water was not to be found in the open literature. Such data may be useful
in applications such as textiles, osmotic distillation and membrane fuel cells, where
polytetrafluoroethylene may frequently interact with water. Gibbs ensemble Monte Carlo simulations
were performed for systems of perfluoroalkanes + water for temperatures from 300 K to 600 K and for
perfluoroalkane chain lengths of 8 to 300 carbon atoms. The Transferrable Potentials for Phase
Equilibrium (TraPPE) model was used to represent the perfluoroalkane molecules. The Simple Point
Charge-Extended (SPC-E) model was selected to represent the water due its high critical temperature of
630 — 640 K. This was important due to the impermeable nature of polymer crystals resulting in the
scenario of liquid-liquid equilibrium having to be investigated. High temperatures, up to 600 K, would be
required to ensure that the simulated polymer molecules would not crystallize. This methodology was
used in the past for systems of alkanes + water. This solubility data was then compared to data for
systems of alkanes + water found in the open literature. It was found that increasing the temperature had
an exponential-type increase on the solubility of water into the perfluoroalkane phase, similar to the result

found for alkanes. It was found that increasing the perfluoroalkane chain length increased the solubility of
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water into the perfluoroalkane phase, to an asymptotic maximum of 98.0 mole percent. An irregularity
was observed at carbon number 12, which may be ascribed to a change in the energy contribution regime

for the helical to all-trans conformation, as inferred from data in the open literature.

Keywords: molecular simulation, water, polymer, polytetrafluoroethylene

1. Introduction

Polytetrafluoroethylene (PTFE), more commonly known as Teflon®, is frequently encountered in many
scenarios; sealing tape, frying pans, clothing, fuel cells [1] and osmotic distillation [2], to name a few.
However, the solubility behavior of water with this material was not found to have been widely studied in
the open literature. Prior measurements in industry, using standards such ASTM D570, have yielded a
value of < 0.01 wt% water absorption into the polymer [3.4]. Previous simulations of systems of
perfluoroalkanes [5] have illustrated that there is greater supramolecular ordering and greatly increased
molecular rigidity in perfluoroalkanes than in alkanes. Previous experiments [6] have found that the

average volume of a hole in a PTFE matrix may be roughly twice as large as in polyethylene (PE).

The purpose of this study was to determine the influence, if any, of temperature and
perfluoroalkane chain length on the solubility of water in the perfluoroalkane phase. The Transferrable
Potentials for Phase Equilibrium (TraPPE) model would be used to model the perfluoroalkane molecules
[7,8], whilst the Simple Point Charge-Extended (SPC-E) model was used to model the water molecules
[9,10].

2. Theory and methods

Gibbs Ensemble Monte Carlo (GEMC) simulations were performed on the Beowulf cluster belonging to
the Thermodynamics Research Unit at the University of KwaZulu-Natal. The software which was used
for carbon numbers less than 20 was that of Errington and Panagiotopoulos [11], using the Gibbs
ensemble method developed by Panagiotopoulos [12]. For molecules longer than 20, a modified GEMC

program was used, in which an end-bridging algorithm [13] had been incorporated.

The Gibbs ensemble is an approach whereby the limitations due to surface effects on small

systems of molecules is overcome by the possibility of transfer between “boxes” located within the bulk
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material of a particular phase. The GEMC program used in this work also made use of configurational
bias, whereby the insertion of a molecule into a phase was “tested” to determine the most energy-
favorable configuration. The 3 types of Monte Carlo (MC) moves which were considered by the GEMC
program were: Translation/Rotation, volume change and interphase transfer. The end-bridging
modification of the GEMC program introduced several different, polymer-specific moves: Reptation, end

mer rotation, monomer flip, dimer flip and end-bridging.

The TraPPE model used in this work [7,8] handled each functional group as an individual
pseudo-atom. In this way, the individual fluorine atoms on each CF; and CF, group were handled
implicitly. This is primarily due to computational expediency. The TraPPE model accounted for all inter-
and intra-molecular interactions: Bending, stretching, twisting (torsion), electrostatic forces and van der
Waals forces. The modified torsional potential was a re-parametrization of the torsional potential energy

according to a different functional form [7,8].

The water model used in this work was the SPC-E model [9,10]. This water model was preferred
due to its sufficiently high critical temperature [17] of between 630 K and 640 K, which would exceed the

maximum temperatures to be encountered in this work.

The van der Waals forces were handled by the TraPPE and SPC-E models in the form of a
Lennard-Jones potential [14]. The classical Lorentz-Bertholet combining rules [15,16] were used to

account for interactions between unlike molecular and atomic pairs.

The approach which was followed was used previously for the PE + water system [18,19,20].
This approach entailed two sets of simulations in order to determine the solubility of water in the polymer
in terms of temperature and polymer chain length. The simulation of the n-C,, + water system at varying
temperatures was performed, as per the aforementioned prior work [18,19,20] in order to determine the
influence of temperature on the solubility of water in the polymer. The influence of polymer chain length
was determined by simulations of the n-Cy + water systems at a fixed temperature and varying carbon

numbers.

In order to study the phenomenon of water solubility in the polymer, it was necessary to study the
condition of liquid-liquid equilibrium (LLE) occurring between the polymer and the water. This followed
from the aforementioned water + polymer solubility analysis methodology [18,19,20]. The reason for
investigating two liquid phases was that the crystalline portions of the polymer are impermeable, and thus
any species absorbed into the polymer is absorbed into the amorphous portions [21]. To this end, it was

necessary to investigate temperatures ranging up to 600 K, in order to ensure that the PTFE occurred as
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an amorphous liquid [3,4]. That the perfluoroalkane crystals in particular should be impermeable can be

seen in prior work on the interactions between perfluoro-n-eicosane crystals and water [22].

3. Results

In all simulations in this work, the systems consisted of 500 water molecules and 100
polymer/perfluoroalkane molecules. In each case, the system was initially allowed to equilibriate
internally without swap moves occurring between the two phases. Once this was achieved, swap moves
were allowed, and this was continued until the phase compositions had reached a state of equilibrium.
After this point, the simulations were run further to produce data in order to reduce the statistical error.
On average, this two-stage equilibriation period took ~ 90,000,000 MC moves. In each case, the
production period consisted of no less than 60,000,000 MC moves.

The results of the simulations conducted in this work can be found in the following three figures;
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Figure 1. Solubility of water in PTFE as a function of carbon number, for three different

temperatures, on a molar basis. (Il]) T=450 K, (@) T=500K, (A ) T =600 K. Lines have been

added between the points as guides for the eye. The x-axis has been made logarithmic for clarity at

the smaller carbon numbers.
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Figure 2. Solubility of water in n-decane and perfluorodecane over a temperature range from 300 K to

600 K. () n-alkanes (literature), (4p) perfluoroalkanes (this work). The literature data is from [19].
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Figure 3. Graph of the solubility of water, at T =450 K, as a function of carbon number in PTFE
compared to PE, on a molar basis. (ll}) PE (literature), (@) PTFE (this work). The literature data is from
[19].. Lines have been added between the points as guides for the eye. The x- axis has been made

logarithmic for clarity at the smaller carbon numbers.

4. Discussion

As is evident in figure 1, there is a trend towards increased solubility of water in the perfluoroalkane
phase with increases in both temperature and perfluoroalkane chain length. There appears to be an
asymptotic value of 98.0 mole percent water solubility in the perfluoroalkane phase. While this figure
may seem high, given that the measured absorption of water in solid PTFE is < 0.01 wt% [3,4], it is
important to note that once an approximate value for the crystallinity [6] and the high molar mass of the
PTFE [23] are taken into account, a figure of ~ 0.09 wt% of water in the PTFE emerges. This is of the
same order of magnitude as the aforementioned measurement. It is also important to note here that the
PTFE in the simulations shown in figure 1 was at a temperature of 450 K (~ 177 °C), whereas the
measurements [3,4] were performed at 23 °C [24], and thus it may be expected that the water may be

slightly more soluble in the simulated PTFE as compared to the available measurements.
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With regard to the effect of temperature on the solubility of water into the perfluoroalkane phase
with the carbon number of the perfluoroalkane being held constant, figure 2 illustrates that similar trends

may be observed. This trend is of an apparently exponential increase in solubility with temperature.

Previous work on clustering in perfluoroalkanes and alkanes [5] illustrated that there was greater
supramolecular order in perfluoroalkanes than in alkanes at comparable conditions due to increased
molecular rigidity. This may suggest that higher temperatures, as the polymer molecules move further
away from each other, there would be an increase in the free volume apparent in the PTFE matrix as
compared to the PE matrix. This would be due to the rigid perfluoroalkane molecules being less likely to
bend and twist to occupy the free spaces formed as the molecules move further apart, due to their inherent
rigidity. In addition, previous experiments [6] have shown that the average volume of a hole in the PTFE
matrix is roughly twice the size of the average hole in the PE matrix (~ 0.37 nm? versus ~ 0.18 nm’). This
would then suggest that, based upon the radius of a water molecule of ~ 1.58 A [25], there may be
roughly twice as many water molecules per void in the PTFE matrix as compared to the PE matrix (~ 22
versus ~ 11). However, it should be noted that these same experiments [6] yielded an overall free volume
fraction of ~ 70 percent for both PTFE and PE, suggesting that there are fewer and larger holes in the
PTFE matrix as occur in the PE matrix. The increased solubility of water in PTFE/perfluoroalkanes as

compared to PE/alkanes evident in figures 2 and 3 may illustrate this increased hole volume.

In addition to the simulations already discussed, figure 1 illustrates the effect of drastically
increasing the temperature of the PE + water system. The simulated point of the PE + water system at 600
K illustrates that the relatively large solubility of water in PTFE as compared to PE are not totally
inconceivable. By increasing the temperature to 600 K from 450 K, it can be seen that the solubility of

water into the PE increased from ~ 30 mole percent to ~ 90 mole percent.

A further point to note is the apparent irregularity at a PTFE chain length of 12. This irregularity
can be seen in figure 1, and it can be seen that it is more pronounced at higher temperatures (600 K in this
case, as compared to 500 K and 450 K). A possible cause for this may be inferred from previous work on
the energy contributions to the helical to all-trans conformation transformation [26]. From the data
presented in this prior work, it can be seen that there was a change in the regime of the energy
contributions towards the helical structuring of perfluoroalkanes, from a chain length of 8 to 12 carbon
atoms. At carbon number 8, it was observed that the Coulombic energy contribution was greater than the
total fluorine-fluorine interaction, whilst from carbon number 12 upwards, the Coulombic interactions
became increasingly less significant. While it is apparent that the TraPPE model for perfluoroalkanes does

not explicitly state electrical charges on the pseudo-atoms, the parameters describing the interactions such
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as bending, torsion, etc may implicitly account for any Coulombic interactions.

5. Conclusions

The effects of perfluoroalkane chain length and temperature on the solubility of water into the

perfluoroalkane phase have been investigated by GEMC simulations. The solubility of the water was

observed to increase with both increasing temperature and increasing perfluoroalkane carbon number.
It was observed that increasing the temperature had an exponential-type effect on the solubility of

water into the perfluoroalkane phase, similar to the effect observed for alkanes [18,19,20].

Increasing the PTFE chain length was observed to result in increased water solubility into the
PTFE phase, similar to the trends observed for the water + PE system [18,19,20]. The solubility of water

into the PTFE was found to have an asymptotic maximum of 98.0 mole percent.

Overall, the solubility of water into PTFE/perfluoroalkanes was observed to be significantly

higher than that of water into PE/alkanes as presented in the literature [18,19,20].

An irregularity was observed at a perfluoroalkane chain length of 12, which may be due to a
change in the regime of the energy contributions towards the helical to all-trans conformation

transformation inferred from literature data [26].
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ABSTRACT

This project concerned the analysis of the clustering behaviour of water molecules within the
polytetrafluoroethylene by varying the polymer carbon number from 8§ to 300 and the temperature from
300 K to 600 K. It was found that data on the clustering behaviour of water molecules in
polytetrafluoroethylene was lacking in the open literature. The Cartesian coordinate data was generated
by Gibbs ensemble Monte Carlo simulations of the systems of interest. The cluster analysis was then
conducted on the Cartesian coordinate data from these simulations. The cluster analysis was performed
using Fotran90 software previously used for the polyethylene + water system. It was found that there
were no clear trends in water clustering behaviour for polymer carbon numbers between 8 and 50. A
marked decrease in the frequency of water clusters of all sizes was found to occur from a polymer carbon
number of 50 to 300. A discontinuity was observed at a polymer carbon number of 12 which may be
related to a change in the regime of the energy contributions to the helical to all-trans conformation
transformation observed in a previous study. It was observed that increasing the temperature increased

the frequency of all sizes of water clusters. Linear water clusters were found to account for up to 90
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percent of all water clusters for tetramers and pentamers.

Keywords: molecular simulation, water, polymer

INTRODUCTION

Polytetrafluoroethylene (PTFE), more commonly known as Teflon ®, can be found in many applications;
pipe sealing tape, fuel cell membranes [1], osmotic distillation membranes [2] and frying pans, for
example. Water is also frequently encountered, as it may have varied uses, such as solvent, heat transfer
fluid and transport medium. Both species (i.e. PTFE and water) may therefore interact with one another
regularly, yet the clustering behaviour of water within the PTFE was not found to be determined in the

open literature.

Clustering amongst water molecules occurs due to the strongly polar nature of water molecules,
as there are clearly separated negative and positive Coulombic charges on each molecule. The oxygen
atom possesses a distinct negative charge, whilst the two hydrogen atoms possess distinct positive
charges. These localized charges play a strong role in the geometric arrangements which water molecules
may take when in contact with each other. It is these geometric arrangements, defined by their topologies,
which are referred to as water clusters. These clusters may have different topological forms, such as
linear, branched or cyclic, and may consist of different numbers of water molecules. This may then result
in combinations of these two features such as linear tetramers or cyclic pentamers, for example. These

water clusters are held together by a strong feature of aqueous systems: hydrogen bonding.

The importance of the clustering behaviour of water inside polymers may be seen in previous
work on polyethylene (PE) and water [3, 4, 5, 6], for example. It was shown previously [6] that the
deterioration of the PE insulation of electrical cables was strongly influenced by the clustering of water
molecules around charged ions within the polymer matrix. Thus, a determination of the clustering
behaviour of water within the PTFE matrix may yield more insight into the molecular interactions

between two chemical species (PTFE and water) which may interact with one another on a regular basis.

To investigate the clustering behaviour of water within the PTFE matrix, the route of molecular
simulation was selected for this study. In particular, the Monte Carlo approach to molecular simulation
was used. The Monte Carlo approach entails random sampling of the system at various states, and as such

is of interest in studies of chemical or phase equilibrium [7]. In addition, the computer simulation of
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systems of individual molecules can provide insight at the molecular level that may otherwise be absent

from laboratory experiments.

The conditions selected for this study on the PTFE + water system would be liquid-liquid
equilibrium between the water and the PTFE at varying polymer carbon numbers and varying
temperatures. The maximum temperature selected for this study was 600 K. This temperature is the stated

melting point of commercial Teflon® [8, 9].

THEORY AND METHODS

Gibbs ensemble simulations were performed using Fortran90 computer programs run on Beowulf class
computing clusters. The software used to generate coordinates for polymer carbon numbers less than or
equal to 16 was an existing program written by Errington and Panagiotopoulos [10]. This program used
the Gibbs ensemble developed by Panagiotopoulos [11]. A modified form of this program was used for
polymer chains longer than 16 carbon atoms. This modified program employed an end-bridging algorithm

[12].

With small systems of molecules (i.e. systems containing of the order of 10? or 10° molecules),
surface effects may become overwhelmingly significant. This is a major drawback when data on the bulk
properties are sought. The Gibbs ensemble overcomes this limitation by replacing the transfer of
molecules across phase boundaries with the possibility of swapping molecules between “boxes” located
within the bulk material of each phase under investigation. The Gibbs ensemble program used in this
project made use of configurational bias, which involved the assembly (atom by atom) of molecules
inserted from one phase into another such that the most energy-favourable configuration would be
selected. The types of Monte Carlo moves which were considered in the unmodified Gibbs ensemble
program were: Translation, rotation, volume change and swapping between phases. The modified Gibbs
ensemble (incorporating the end-bridging algorithm) considered a different set of moves to be applied
specifically to the polymer molecules: Reptation, end mer rotation, monomer flipping, dimer flipping and

end-bridging.

The TraPPE model [13, 14] handled the ancilliary atoms contained within each functional group
implicitly. This approach was taken for computational expediency. The types of interactions accounted for
by the TraPPE model were both intra- and intermolecular in nature: Bond bending, bond stretching,
dihedral twisting (torsion), Coulombic/electrostatic forces and the van der Waals forces. The TraPPE

model in this work employed a torsional potential which was different in form to the usual torsional
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potential function, and which was re-parametrized for greater accuracy in a previous study [13, 14].

The Simple Point Charge-Extended (SPC-E) model [15, 16] was used in this work to model to
water molecules. This model was selected due to its critical temperature of 630 K to 640 K [17]. This

critical temperature would exceed the maximum temperatures which would be encountered in this work

(i.e. 600 K).

The van der Waals forces between the pseudo-atoms/molecules in this work were expressed by
the TraPPE and SPC-E models in the form of the Lennard-Jones potential [18]. The classical Lorentz-
Berthelot combining rules [19, 20] were used to handle the interactions between unlike pairs of pseudo-

atoms/molecules.

This work followed an approach used previously for the polyethylene + water system [4, 5, 6].
This approach entailed the simulation of the the n-C,, + water system at varied temperatures. The n-Cy +

water system was then simulated at varied carbon numbers.

As described in the introduction, the phenomenon of liquid-liquid equilibrium was necessary for
this work. This phenomenon was also used in the approach used previously for the polyethylene + water
system [4, 5, 6]. The reason for investigating the interactions between the two liquid phases (i.e. the water
and the polymer) was that the species absorbed into a polymer would be absorbed into the amorphous
portion of the polymer matrix [21]. The crystalline portions of the polymer would be impervious to the
absorbed species [21]. The impermeability of these polymer/long carbon chain crystals to water may be

further evidenced by a study on the interactions between water and perfluoro-n-eicosane [22].

The definition of a water cluster may significantly influence the results obtained by any cluster
analysis. The cluster definition used in this work was that used previously for the polyethylene + water
system [4, 5, 6]. This definition is that of an intermolecular oxygen-hydrogen distance of less than 2.4 A
coupled with an intermolecular energy of less than — 10 kJ/mol, based upon a previous definition of

water clusters [23].

RESULTS

In all simulations in this work, the systems consisted of 500 water molecules and 100
polymer/perfluoroalkane molecules. In each case, the system was initially allowed to equilibriate
internally without swap moves occurring between the two phases. Once this was achieved, swap moves

were allowed, and this was continued until the phase compositions had reached a state of equilibrium.
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After this point, the simulations were run further to produce data in order to reduce the statistical error.
On average, this two-stage equilibriation period took ~ 90,000,000 MC moves. In each case, the
production period consisted of no less than 60,000,000 MC moves.

For the production runs, the Cartesian coordinates of the water molecules in the polymer phase at
each configuration were stored to disk. These coordinates were then analysed by the aforementioned

cluster analysis program, based upon the aforementioned cluster definition.

Additional sources of information regarding the clustering of water molecules may be the
frequency distributions of commonly occurring cluster types, the radial distribution function of water in
relation to the polymer molecules, the water cluster binding energy, as well as a comparison between the

clustering observed in PTFE and the clustering found in pure water.

The results of this cluster analysis study may found in the following figures;
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Fig. 1. Percentage of water molecules included in clusters in the perfluoroalkane phase as a function of
temperature at a carbon number of 10. (Il n=2, (@®)n=3,(A)n=4, (@) n=5. Lines joining the

points have been added as guides for the eye.
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Fig. 2. Percentage of water molecules included in clusters in the perfluoroalkane phase as a function of
carbon number at T=450 K. (l)n=2, (@®)n=3,(A)n=4, (@)n=>5. The scale of the x-axis has
been made logarithmic for clarity at the smaller carbon numbers. Lines joining the points have been

added as guides for the eye.
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Fig. 3. Percentage of water molecules included in clusters in the perfluoroalkane phase as a function of
carbon number at T=500 K. (l)n=2, (@®)n=3,(A)n=4, (@)n=>5. The scale of the x-axis has
been made logarithmic for clarity at the smaller carbon numbers. Lines joining the points have been

added as guides for the eye.
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Fig. 4. Percentage of water molecules included in clusters in the perfluoroalkane phase as a function of
carbon number at T=600 K. (l)n=2, (@®)n=3, (A)n=4, (@)n=>5. The scale of the x-axis has
been made logarithmic for clarity at the smaller carbon numbers. Lines joining the points have been

added as guides for the eye.
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Fig. 5. Frequency distribution of the four most common tetramer configurations as a function of

temperature. Lines joining the points have been added as guides for the eye.
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Fig. 8. Radial distribution function of water in PTFE, for a carbon number of 300 at conditions of T =450
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Fig. 9. Percentage of water molecules in all clusters as a function of temperature for the perfluorodecane
+ water system compared to pure saturated water vapor. ([l) water in perfluorodecane, (-) pure saturated

water vapor (literature data [6]).

DISCUSSION

As can be seen in fig. 1, there is an overall trend of an increasing fraction of water molecules found in all
clusters with increasing temperature. This concurred with prior work on the polyethylene + water system
[4, 5, 6]. The increasing presence of clustered water molecules with increasing temperature may also be
connected with the increased solubility of water into PTFE with increasing temperature [24]. Since the
solubility of water into PTFE increases with increasing temperatures, then of course there would be
increasing numbers of water molecules in a confined space, and thus there may be an increased likelihood

of water clusters forming.

It can also be seen in fig. 1 that there is a peak occurrence for the smallest water water clusters
(consisting of 2 water molecules) at a temperature of 550 K. This may occur when the overall trend of

increased water clustering with increasing temperature is taken into account. If increasing numbers of
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water molecules in the system begin to group together into clusters, then it would only be natural for
some clusters to begin to overlap with neighbouring clusters. This overlapping would naturally result in a
larger net water cluster, and thus as more and more water molecules cluster together, it may be seen that

smaller clusters may give way to larger and larger clusters.

Figs. 2 through 4 illustrate an inverse correlation of sorts between the polymer carbon number
and the fraction of water molecules found in clusters. For polymer carbon numbers from 8 to 50, no clear
trend may be seen in any of figs. 2 through 4. From a polymer carbon number of 50 to 300 though, there
is an apparent decrease in the fraction of water molecules found in clusters. With reference to the high
molar solubility (i.e. ~98 mole percent) of water into PTFE at a carbon number of 300 [24], what may be
deduced from this trend at large carbon numbers is that there must be large amounts of free volume for a
disproportionately low number of water molecules to occupy within the polymer matrix. This vast amount
of free space would not lend itself to clustering of water molecules, and thus clustering would not be as

likely to occur as with smaller polymer molecules.

Figs. 5 and 6 illustrate a trend of increasing linearity in the water clusters with increasing
temperature. For both tetramers (fig. 5) and pentamers (fig. 6), it may be seen that linear water clusters
account for up to ~90 percent of all water clusters. This trend was also observed in the polyethylene +
water system [5, 6]. This observation may reveal that the free volume within the polymer matrix consisted
of long “channels”. Based upon the cluster definition used in this work, these channels may be, on
average, approximately 9 A across. This value was determined by considering the “square” formed by 4
water molecules arranged in a cyclic fashion, as seen in figs. 5 and 6. If the length of the diagonal is
calculated, and the width of two SPC-E water molecules is added to it (to account for the water molecules

at each opposing corner of the “square”), then a value of ~9 A emerges.

Fig. 7 illustrates the comparison in the water cluster binding energies of dimers, linear trimers and
cyclic trimers between perfluorodecane and decane [6]. This binding energy is more commonly known as
the hydrogen bond energy. It may be seen that at the lower temperatures in this figure (less than 500 K),
the binding energy in perfluorodecane is significantly higher than in decane, whilst as the temperature
increases, the binding energies become approximately equal. This suggests that at lower temperatures, the
rigidity of the perfluorodecane chains coupled with the smaller spaces between molecules (due to the
temperature) results in a lower probability of water molecules forming clusters with one another.
Ultimately, this suggests that at lower temperatures, perfluorodecane may be more densely and rigidly
packed than perfluorodecane. An additional observation is that the binding energy of the linear clusters

(i.e. dimers and linear trimers) at the higher temperatures (greater than 500 K) is lower in perfluorodecane
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than in decane. The reverse may also be observed in fig. 8 for the cyclic trimers. This may also suggest
that the geometry of the free volume in perfluorodecane consists of long “channels”, as discussed
previously, as voids shaped thusly would favour the formation of linear water clusters over cyclic water

clusters.

The radial distribution function seen in fig. 8 illustrates than there may be a higher probability of
locating a water molecule at the end of a polymer chain as opposed to along the length of a polymer
chain. This may be expected if one takes into account the spatial geometry of a rod-like molecule. In
addition, it may be seen that there is a noticeable second peak in the radial distribution function, both for
the polymer ends and along the length of the polymer. Perfluoroalkane matrices have been found to
possess significant supramolecular ordering [25] due the rigid nature of the perfluoroalkane molecule, and
therefore there may be some degree of regularity in the placement of the perfluoralkane molecules along
with the interspersed water molecules. This rigidity in the perfluoroalkane chains arises from the helical

nature of the chain, brought about by the interaction of the fluorine atoms with one another [26].

Fig. 9 illustrates an increasing deviation with increasing temperature between water clustering in
PTFE as compared to pure water vapour. This comparison may considered due to the similar densities of
water in PTFE and pure water vapour. This may suggest that with decreasing temperature, the influence
of the polymer molecules on the becomes decreasingly prevalent, with the water clustering behaving
increasingly similarly to water clustering in pure water vapour. This comparison has also been performed
for the polyethylene + water system [6] in which is was found that the water clustering within the
polymer matrix behaved approximately similarly to water clustering in pure water vapour. In this work
though, fig. 9 illustrates that at increasing temperatures, the presence of the perfluoroalkane chains
increasingly influences that clustering behaviour of the water molecules within the polymer matrix. This
may be due to the rigidity of the perfluoroalkane molecules dictating the nature of the spatial geometry

within the polymer matrix.

CONCLUSIONS

It was found that increasing temperatures resulted in an increasing frequency of water clusters, as well an
increasing frequency of large water clusters. A peak frequency for the smallest water cluster (consisting of
2 water molecules) was observed at a temperature of 500 K. This may be due to increased overcrowding

of the polymer phase with water molecules at increasing temperatures.

No clear trend was observed regarding the effect of polymer carbon number on the water
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clustering behaviour for polymer carbon numbers from 8 to 50. It was observed that from a polymer
carbon number of 50 to 300, a significant decrease in the frequency of water clusters of all sizes occurred.
This may be due to large amounts of free volume occurring between the rigid polymer molecules being
filled with a disproportionately low number of water molecules which would not be conducive to water

cluster formation.

It was found that linear water clusters accounted for up to ~ 90 percent of all water cluster
tetramers and pentamers. This, coupled with the observation that the binding energies of linear water
clusters was significantly lower than for cyclic water clusters, suggests that the geometry of the free

volume in the PTFE matrix may be similar to long “channels”. The diameter of these “channels” may be

~9 A

Significant supramolecular ordering of the PTFE matrix was observed by analysis of the radial
distribution function of the water in relation to the polymer molecules. Significantly more water
molecules were observed at the ends of the polymer molecules than along the length of the polymer

molecules. This may be due to the spatial geometry of the scenario.

It was observed that with increasing temperatures, the clustering behaviour of water in the PTFE
matrix deviated further and further from the clustering behaviour observed for pure water vapour. This
suggests that with increasing temperature, the PTFE chains increasingly influence the geometry of the

free volume in the PTFE matrix and the arrangement of water molecules therein.
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