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ABSTRACT
In this work, a parameterization strategy that allows the calculation of polymer
molecular parameters from macroscopic properties of binary polymer solutions is
presented. The proposed parameterization is demonstrated by reference to the PC-SAFT
equation of state, but can be applied to any molecular-based model. The parameterization
scheme has been developed in terms of the polymer-solvent interaction parameter and the
Hildebrand parameter, which describe the molecular nature and extent of the polymersolvent interactions. The specification of these macroscopic properties yields a set of
polymer parameters that are suitable for the description of thermodynamic properties and
phase behavior of polymer solutions. In this way neither extensive experimental data nor
complex minimization techniques are necessary, as is required for the current approaches
for the estimation of pure-polymer parameters for SAFT-type equations. Using polymer
parameters calculated from the proposed parameterization strategy, the PC-SAFT model
could satisfactorily predict the phase equilibria, gas solubility and polymer swelling
behavior of binary and ternary polymer solutions with different solvents, including
nonassociating compounds such as n-alkanes, polar compounds such as ethers, esters and
ketones, and associating compounds such as alcohols.
A computational approach for building atomistic models for amorphous polymer
networks in order to simulate their pore structure and gas adsorption properties is also
presented. The computational approach replicates the basic reactivity rules of the selfcondensation reaction of dichloroxylene (DCX) via Friedel-Crafts chemistry and allows
the formation of amorphous polymer networks, which are not possible to generate by
structural X-ray crystallography/diffraction as is usually done for crystalline materials.
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The method is discussed for poly(dichloroxylene) networks, but can be extended to other
polymer networks. Atomistic models were further refined by fitting to characterization
data (i.e., bulk density, absolute density, micropore volume and elemental composition).
These models were characterized by specific surface area and pore size distribution. A
sensitivity analysis was performed to determine the minimum box size that should be
used in adsorption simulations. Simulated adsorption isotherms and isosteric heats for
methane and hydrogen were found to be in reasonable agreement with the experimental
data.
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3.272 kg/mol and Mw/Mn < 1.2)/ethylbenzene and PDMS
(Mw = 4.17 kg/mol and Mw/Mn < 1.2)/toluene at the
indicated temperatures. Solid lines are PC-SAFT
predictions. Dotted lines represent SL (SLHB where
appropriate) predictions. Symbols are experimental data
taken from the literature.86
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data taken from the literature.29-31
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predictions. Dotted lines represent SL predictions.
Calculations were performed with the respective kij
parameter reported in Table 2.3. Symbols are experimental
data taken from the literature.92 The polymer was modeled
using eight pseudocomponents (see Table 2.4).
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Predictions of polymer-solvent interaction parameter as a
function of Mw at a constant temperature of 303 K for a
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lines are PC-SAFT predictions. Dotted lines represent SL
predictions. Calculations were made with the
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are experimental data taken from the literature.29-31
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and Mw/Mn = 2.00) and n-pentane at indicated
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0. Symbols represent experimental data taken from the
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three pseudocomponents (see Table 3.5), for the system
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kg/mol, Mw/Mn < 1.3) with 1,4-dioxane, and (b) PBMA
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Chapter 1
INTRODUCTION
This chapter provides a general background on the phase equilibrium behavior of
polymer solutions followed by a description of the statistical associating fluid theory.
Further, an introduction to adsorption in porous materials and computer simulation
methods (molecular dynamics and Monte Carlo) are presented. The final considerations
are the research objectives and structure of this thesis.

1.1 Phase Equilibria of Polymer Solutions
The understanding of the phase behavior of polymer solutions is required for the
design and optimization of separation equipment used in polymer production processes
(where the synthesized polymer is separated from unreacted monomer and possible
diluents and cosolvents).1 It is also required in processes where the goal is mixing rather
than demixing of the polymer (such as industrial paints and coatings and polymer
blends).2 Phase equilibria information is also required in several polymer applications
such as substrate compatibility with adhesives, miscibility predictions in polymer alloys3
and polymer membrane for separation of gas mixtures.4 Hence, the improvement of
polymer-based processes relies on the fundamental understanding of the phase behavior
of polymeric solutions.
Phase behavior in polymer solutions is very sensitive to thermal expansions and
energetic interactions between the different components in the system. At higher
temperatures (close to the critical temperature of the solvent) the large differences in the

1

degree of thermal expansion (or free-volume percentage) and compressibility between the
polymer and the solvent lead to a large negative entropy of mixing, which induces the
phase separation of the mixture.5 This phase transition is known as the lower critical
solution temperature (LCST). At lower temperatures, another phase separation occurs,
which is referred to as the upper critical solution temperature (UCST). The appearance of
UCST is associated with the energy differences between the solvent and the polymer. For
temperatures between the LCST and UCST the polymer solution is completely miscible.
By increasing the molecular weight of the polymer, the UCST is raised and the LCST is
lowered, thus shrinking the temperature region of complete miscibility. The two regions
of miscibility are merged to give an hour-glass phase diagram in which the solvent has a
much larger thermal expansion coefficient than that of the polymer. If specific
interactions are present in the polymer solutions (such as associating and polar
interactions) a closed-loop behavior may be observed, where the LCST lies below the
UCST. The polymer solution is in a single phase exterior to the loop but in two phases
within the loop. All the above phase diagrams depend significantly on the molecular
weight and the molecular weight distribution of the polymer.6
Experimental fluid phase equilibrium data for complex polymer solutions are
often scarce, especially at high temperatures. Furthermore, typical polymer products are
not true pure fluids, but polydispersed mixtures of molecules of varying chain length and
degree of branching. The development of theoretical models for predicting the
thermodynamic properties and phase behavior of polymer systems is hence becoming
gradually more important. Several thermodynamic models have been proposed to
describe the thermodynamic properties and fluid-phase equilibrium of polymeric systems.
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These models are usually classified into three categories: lattice models (FloryHuggins7,8), free energy models (UNIFAC-FV9 and polymer-NRTL10) and equations of
state (Sanchez-Lacombe,11,12 polymer-SRK,13 PHSC14 and SAFT15,16). The FloryHuggins model is one of the most widely used lattice models because of its simplicity
when compared to other models, and the results produced are quite acceptable for several
common polymer systems. The Sanchez-Lacombe model also developed from the lattice
fluid theory, has also been quite successful in modeling vapor-liquid equilibrium and
liquid-liquid equilibrium of polymer systems. However, the SAFT approach, developed
within the framework of the thermodynamic perturbation theory, has received increasing
attention because of its accuracy and predictive capacity. A brief description of SAFT
approach is given below.

1.2 Statistical Associating Fluid Theory
Significant advances in statistical mechanics have allowed the development of
equations of state (EoS) based on molecular principles with strong theoretical foundation.
Among these EoS, the statistical associating fluid theory15,16 (SAFT) is becoming very
popular due to its better description of fluid properties over more empirical EoS. The
SAFT approach, based on the perturbation theory of Wertheim,17,18 accounts explicitly
for the effects of molecular association, chain flexibility and interactions on the
thermodynamic properties of fluids and fluid mixtures. In SAFT,15,16 molecules are
modeled as chains of covalently bonded spheres. Long-chain molecules such as polymers
can be modeled as chains of freely-jointed spherical segments in which the number of
spheres in the chain is proportional to the molecular weight.

3

For a pure component, Figure 1.1 shows a schematic representation of the threestep process for the formation of chains and subsequent association of these chains.
Initially, a reference fluid consists of identical “beads”, e.g., hard spheres, interacting
through repulsion forces. In the first step, intermolecular dispersion forces are accounted
for. Then, bonding sites are simulated such that the beads can link together through
covalent bonds to form the chains present in the fluid. Finally, associating sites are
introduced in the chain such that chains can associate through hydrogen bonding. Each
step provides a contribution to the residual Helmholtz energy.
In the SAFT framework, the residual Helmholtz free energy, Ares, can be written
as the addition of various contributions as
A res
A ref
A disp A chain A assoc A polar
=
+
+
+
+
NkT NkT NkT NkT
NkT
NkT

(1.1)

where Aref denotes the contribution due to the reference system (often modeled as hardsphere, square-well, Lennard-Jones or hard-chain interactions), Adisp corresponds to the
free energy due to the dispersion interactions between segments, Achain accounts for the
formation of chains, Aassoc is the contribution due to the effect of molecular association
and Apolar represents the Helmholtz free energy due to the polar (dipolar and quadrupolar)
interactions. N is the number of molecules, k is the Boltzmann constant, and T is the
temperature.
There are three molecular parameters to describe non-associating fluids: the
number of segments in the chain (m), the energy of interaction of the segments (e/k) and
the diameter of each molecular segment (σ). Two further parameters are needed for the
representation of associating components, the association energy (εHB/k) and the volume
available for bonding (kHB). In the case of polar fluids, the polar moment (Q) is also
4

Hard-sphere fluid

Dispersion forces

Associating sites (y)

Covalent bonding sites (y)

Figure 1.1. Schematic representation of the formation of chain molecules and association
complexes in the framework of the SAFT approach. The reference fluid consists of hard spheres
that form chain molecules through covalent bonding. Hydrogen bonding between different chains
results in association complexes.
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required. For pure fluids, these parameters are usually determined by simultaneously
fitting to saturated liquid densities and vapor pressures data.
The most widely used versions of the SAFT EoS are the so-called soft-SAFT,
SAFT-VR and PC-SAFT. The soft-SAFT EoS19,20 is a modified version of the SAFT
approach which incorporates a soft-core Lennard-Jones (LJ) potential in the reference
fluid and a radial distribution function of LJ spheres in the chain contribution. Within the
soft-SAFT approach, molecules are modeled as m tangentially bonded LJ segments of
identical diameter σ, and dispersive energy ε/k. The soft-SAFT model is thus
characterized by three molecular parameters for pure fluids: m, σ, ε/k. This approach has
been applied to describe thermodynamic properties and phase behavior of alkanes and
their mixtures,19,20 polyethylene,21 perfluoroalkanes,22,23 and carbon dioxide.23,24
The SAFT-VR25,26 approach is a modification of the SAFT equation to deal with
different attractive potentials of variable range, such as square-well, Sutherland, Yukawa
and Mie m-n. The SAFT-VR equation considers molecules to be chains of m tangentially
jointed monomeric segments of equal diameter σ interacting through attractive forces
modeled by a square-well potential of variable range λ and depth ε. Hence, four
parameters are required to model a pure fluid: m, σ, λ and ε/k. The SAFT-VR approach
has been used to calculate thermodynamic and equilibrium properties for alkanes of low
molecular weight and polymers,25 and their mixtures,27 perfluoroalkanes,28 hydrofluorinated refrigerants29 and carbon dioxide.30
Gross and Sadowski31 derived the PC-SAFT EoS by extending the Barker and
Henderson perturbation theory to a hard-chain reference fluid. In this model, the chain
structure of the molecules is explicitly considered in the dispersion contribution. The PC-
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SAFT model assumes molecules to be chains formed by m spherical segments of
identical diameter σ, and characteristic energy ε/k. There are three molecular parameters
to represent pure substances: m, σ, ε/k. This approach has been used to represent the
thermodynamic properties and phase equilibrium behavior of a variety of systems
ranging from gases31 to polymers,32,33 as well as associating34 and polar35 substances and
their mixtures.33 In this work, we have chosen PC-SAFT mainly because its dispersion
term accounts explicitly for the chain structure of the molecules, hence improving the
description of systems involving long-chain molecules such as polymers. Indeed, the PCSAFT model has been applied to calculate thermodynamic properties and phase
equilibria behavior of a great variety of polymer systems.31-33,36-38

1.3 Adsorption in Porous Materials
Adsorption is a process that occurs when a gas or liquid solute accumulates on the
surface of a solid or a liquid (adsorbent), forming a molecular film (adsorbate).39 This
adsorption is a general tendency, since during its occurrence, a decrease of the surface
tension is experienced by the adsorbate. The term adsorption is used for the description of
the direct process; for the reverse process the term desorption is utilized. Similar to
surface tension, adsorption is a consequence of surface energy. In a bulk material, all the
bonding requirements of the constituent atoms of the material are filled. However, atoms
on the unpolluted surface experience a bond deficiency, because they are not saturated
and therefore can attract adsorbate molecules. This fact causes the existence of an
adsorption field over this surface. This adsorption field promotes the accumulation of
molecules near the solid surface. The extent of adsorption of a particular component on a
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solid surface at a given set of conditions (pressure and temperature) is characteristic of
the solid-fluid system.39,40
In practice, adsorption is generally described through isotherms, that is, the
amount of adsorbate on the adsorbent as a function of its equilibrium pressure at constant
temperature. The variation of the amount adsorbed with pressure (the shape of the
adsorption isotherm) depends on the pore size distribution and the type of interactions of
the species involved. The adsorption process is usually classified as physisorption
(characteristic of van der Waals and electrostatic forces) or chemisorption (characteristic
of covalent bonding). The physisorption of gases and vapors in solids could also be
classified as mobile adsorption, which occurs when the adsorbed molecule is not adhered
to a specific adsorption site in the surface, and immobile adsorption, which happens
whenever the adsorbed molecule is forced to vibrate around an adsorption site.41
Adsorption is a spontaneous process, where a decrease of the Gibbs free energy is
observed (i.e., ΔG < 0 ). During physisorption, molecules from a disordered bulk phase
pass to a more ordered adsorbed state, because in this adsorbed state the molecules are
restricted to move over a surface or a pore. Therefore, the whole system experiences a
decrease of entropy during adsorption (i.e., ΔS < 0 ). Since ΔG = ΔH − TΔS , then
ΔH = ΔG + TΔS < 0 . Consequently, adsorption is an exothermic process and, therefore,

is a process favored by a decrease in temperature.41
For open surfaces, adsorption consists of a layer-by-layer filling process, where
the first layer is filled when θ = n a / N m = 1 , where θ is the surface recovery, and Nm is
the monolayer capacity. Therefore, when θ < 1 the adsorption process correspond to a
monolayer adsorption, and multilayer adsorption when θ > 1 .39,40
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Porous materials can be classified in terms of pore diameter, structure, and
composition. Most commonly, porous materials are categorized by the pore diameter
according to the IUPAC definitions as: microporous, pore diameter between 0.3 and 2
nm, mesoporous, pore diameter between 2 and 50 nm, and macroporous, pore diameter
greater than 50 nm.42 Porous materials are usually characterized by the internal surface
area, pore volume (which is the sum of the micropore and mesopore volumes of the
adsorbent), and pore size distribution (PSD). The PSD is a graphical representation of

ΔV p / ΔD p versus Dp, where Vp is the pore volume accumulated up to the pore of
diameter Dp.39

1.4 Computer Simulation Methods
Significant advances in computer technology combined with the development of
more efficient numerical methods are making computer simulations powerful tools to
study a wide variety of systems and predict their properties through the use of techniques
that consider small replications of the macroscopic system with manageable number of
atoms or molecules. Simulation techniques are also able to provide a fundamental
understanding of the molecular origins of macroscopically observed properties. There are
two main approaches used to simulate the properties of a system: molecular dynamics
and Monte Carlo methods. The molecular dynamics approach is based on numerical
solution of Newton's equations of motion for the system of particles under investigation,
while in Monte Carlo approach, the phase space is sampled randomly. The general
principles involved in these two methods are discussed below.
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1.4.1 Molecular Dynamics Method

Molecular dynamics (MD) approach simulates the dynamic behavior of the
system by applying Newton’s equations of motion.43,44 MD is a deterministic method;
once the positions and velocities of each atom are known, the state of the system can be
predicted at any time in the future or the past. With MD simulations, both thermodynamic
properties and time dependent (kinetic) phenomenona can be studied. Relevant physical
quantities can be obtained by a statistical mechanical analysis of the system, which
relates molecular parameters to macroscopic properties.
Newton’s second law is given by
Fi = mi ai

(1.2)

where Fi is the force exerted by particle i of mass mi and acceleration ai (with i=1,2,...,N
for a system of N particles). The force can also be calculated by differentiating the
potential energy function of the system U(ri),
Fi = −

∂U (ri )
∂ (ri )

(1.3)

combining these two equations yields
mi

d 2 ri
∂U (ri )
=−
2
dt
∂ (ri )

(1.4)

since this is basically a statement of Newton’s second law applied to each particle, the N
equations of the form of Eq. (1.4) are referred to as Newton’s equations of motion. These
equations of motion are integrated over a short time step δt and new positions and
velocities of all particles are determined. The particles are then moved to the new
positions and an updated set of forces is calculated, and so on. In this way a MD
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simulation produce a trajectory that describes how dynamic variables change with time.
Therefore, to calculate a trajectory, the initial positions of the atoms are required as well
as an initial distribution of velocities and the acceleration, which is determined by the
gradient of the potential energy function. The equations of motion are deterministic, e.g.,
the positions and the velocities at time zero determine the positions and velocities at all
other times, t. The initial positions can be obtained from experimental techniques, such as
X-ray crystallography. The initial distribution of velocities are usually determined from a
random distribution with the magnitudes conforming to the required temperature and
corrected so there is no overall linear momentum, P, i.e.,
N

P = ∑ mi v i = 0

(1.5)

i =1

the velocities are often chosen randomly from a Maxwell-Boltzmann or Gaussian
distribution at a given temperature, which gives the probability that a particle i has a
velocity vi at a temperature T. Thus, a MD simulation produce a trajectory that describes
how the positions, velocities and accelerations of the particles vary with time, and from
which the average values of properties can be determined during production phase (after
equilibration is reached) using the following expression:
A =

1
M

M

∑ A(t
j =1

e

+ jδt )

(1.6)

where M is the number of dynamics steps and te is the equilibration time. MD simulations
are traditionally performed under conditions of constant number of particles N, volume V
and energy E (the microcanonical or constant NVE ensemble); however, MD can be
easily modified to sample from other ensembles.43,44
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1.4.2

Monte Carlo Method

In MD simulation the successive configurations of the system are connected in
time. This is not the case in a Monte Carlo (MC) simulation, where each configuration
depends only on its predecessor and not on any other of the configurations previously
visited. MC simulations generate configurations of a system by making random changes
to the positions of the species present, together with their orientations and conformations
where appropriate, and then uses the Metropolis criterion to decide whether or not to
accept each new configuration.43,44 Potential energies of each configuration of the system
as well as other thermodynamic quantities can be computed from the positions of the
particles.
MC method involves the following main steps. First, initial positions of the N
particles present are assigned (initial configurations can be experimentally obtained, for
example, from X-ray crystallography) and total potential energy U (ri ) is computed.
Then, new configurations are generated by choosing a particle and proposing that it be
moved from r through a randomly chosen distance and direction to a new position r'. The
potential energy of the new configuration U (ri' ) is computed and then used to determine
if the new configuration is accepted or rejected based on the following criteria. If
U (ri' ) < U (ri ) , then the new configuration is accepted and retained as the starting point
for the next iteration. If U (ri' ) > U (ri ) , then the Boltzmann factor of the energy
difference, exp[− (U ( ri ' ) − U ( ri )) / kT ] , is compared to a random number between 0 and
1. If the random number is higher than the Boltzmann factor then the move is rejected
and the original configuration is retained for the next iteration; if the random number is
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lower then the move is accepted and the new configuration becomes the next state. As
with a MD simulation, a MC simulation comprises an equilibration phase followed by a
production phase, from which the average values of thermodynamic properties are taken
over a large number of MC steps, X (after a large number J of equilibration steps):
A =

1
X

j+ X

∑ A(r )

i = j +1

i

(1.7)

Alternative to the random selection of particles is to move the particles
sequentially or several of them at once, which may allow the phase space to be sampled
more efficiently.43,44 A traditional MC simulation samples from the canonical ensemble
(constant N, V and T), but can be adapted to perform on other ensembles; for example, on
the grand canonical ensemble wherein μ (chemical potential), V and T are fixed. This
ensemble is particularly convenient for simulating the adsorption and transport of fluids
through porous solids where the adsorbed phase is in thermodynamic equilibrium with
the gas phase. That is, μ a = μ g , where μa and μg are the chemical potential of the
adsorbed and gas phases, respectively.40

1.5 Research Objectives
The objective of this work is twofold: to develop a parameterization strategy that
allows one to obtain polymer molecular parameters for SAFT-type equations from a
predefined set of macroscopic properties for these EoS, and to propose and implement a
computational approach for the construction of amorphous polymer networks in order to
simulate their pore structure and gas adsorption properties.
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The parameterization scheme has been developed in terms of the polymer-solvent
interaction parameter and the Hildebrand parameter, which are readily available in the
literature for a large variety of solvents and polymers. Therefore, the specification of
these macroscopic properties yields a set of polymer parameters that are suitable for the
description of thermodynamic properties and phase behavior of polymer solutions. In this
way neither extensive experimental data nor complex optimization techniques are
necessary, the two major drawbacks of the current approaches for the estimation of purepolymer parameters for the SAFT EoS. On the other hand, the proposed computational
approach replicates the basic reactivity rules of self-condensation reaction of
dichloroxylene (DCX) via Friedel-Crafts chemistry and allows the formation of
amorphous polymer networks, which are not possible to generate by structural X-ray
crystallography/diffraction as is usually done for crystalline materials. The method is
discussed for polyDCX networks, but can be extended to other polymer networks.

1.6 Thesis Structure
This thesis is organized into 6 chapter as follows:
Chapter 1 provides a brief review on the phase behavior of polymer solutions
followed by a description of the statistical associating fluid theory. In addition to this, an
introduction to adsorption in microporous materials and computer simulation methods
(molecular dynamics and Monte Carlo) are presented. This chapter also contains the
research objectives and thesis structure.
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In Chapter 2 the application of the PC-SAFT model for the estimation of the
polymer-solvent interaction parameter (χ) and second osmotic virial coefficient (A2) for
binary polymer solutions is discussed. Calculations were performed for a broad variety of
polymer solutions including nonassociating, polar and associating species. Values of χ
and A2 were calculated from PC-SAFT as a function of the temperature, pressure, volume
fraction, and molecular weight of the polymer. Comparisons were made with the
available experimental data and also with predictions from the Sanchez-Lacombe (SL)
model. The PC-SAFT predictions are found to be in agreement with the experimental
values, being more accurate than those of the SL model.
Chapter 3 presents a parameterization strategy that allows the estimation of
polymer molecular parameters from the polymer-solvent interaction parameter and the
Hildebrand parameter. The proposed parameterization strategy is demonstrated by
reference to the PC-SAFT equation of state, but can be applied to any molecular-based
model. Phase equilibria calculations of binary and ternary polymer solutions are made to
evaluate the performance of the PC-SAFT EoS using polymer molecular parameters
calculated from the proposed parameterization strategy. The results obtained are in
agreement with the available experimental data for most studied systems, demonstrating
the reliability of the parameterization scheme developed in this work.
Chapter 4 covers the extension of the proposed parameterization strategy for the
estimation of PC-SAFT parameters for polar polymers in the framework of PC-SAFT
EoS. Phase equilibria predictions, gas solubility and polymer swelling behavior of binary
and ternary polymer solutions were performed to assess the performance of the PC-SAFT
model using polymer parameters computed from our approach. PC-SAFT predictions
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agreed quantitatively with the available experimental data for the majority of systems
investigated, confirming the applicability and potential of our approach.
In Chapter 5 a computational procedure for constructing atomistic models of
microporous polymer networks to simulate their pore structure and gas adsorption
properties is presented. The computational method is discussed for poly(dichloroxylene)
networks, but can be extended to other polymer networks. The atomistic models were
further refined by fitting to characterization data (i.e., bulk density, absolute density,
micropore volume and elemental composition). These models were characterized by
specific surface area and pore size distribution. A sensitivity analysis was performed to
determine the minimum box size that should be used in adsorption simulations.
Simulated adsorption isotherms and isosteric heats for methane and hydrogen are in
reasonable agreement with the experimental data.
Finally Chapter 6 includes the conclusion and possible directions for future
research.
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Chapter 2
Predictions of Polymer-Solvent Interaction Parameters χ and
Second Osmotic Virial Coefficients for Polymer Solutions from
the PC-SAFT Equation of State

In this chapter the application of the PC-SAFT model for the estimation of the
polymer-solvent interaction parameter (χ) and second osmotic virial coefficient (A2) for
binary polymer solutions is presented. Calculations were performed for polyethylene,
polypropylene, polyisobutylene, poly(dimethyl siloxane) and polystyrene (nonassociating
polymers), poly(butyl methacrylate) and poly(vinyl acetate) (polar polymers), and
poly(ethylene glycol) (associating polymer) in binary mixtures with different solvents
including nonassociating compounds such as n-alkanes, polar compounds such as ethers
and ketones, and associating compounds such as alcohols. Values of χ and A2 were
calculated from PC-SAFT as a function of the temperature, pressure, volume fraction,
and molecular weight of the polymer. Comparisons are made with the available
experimental data and also with predictions from the Sanchez-Lacombe (SL) model. The
PC-SAFT predictions are found to be in agreement with the experimental values, being
more accurate than those of the SL model. These results demonstrate the adequacy of PCSAFT for calculating thermodynamic properties of polymer solutions.

19

2.1 Introduction
The knowledge of the phase behavior and thermodynamic properties of polymeric
systems is essential for the design and optimization of polymer processes. For example,
the production of low density polyethylene and polyethylene terephthalate is often carried
out in two-phase reactors. In these reactors, the equilibrium compositions of the reacting
components have to be known quantitatively, as they determine the synthesized polymer
properties.1 In oil exploration and production, sorption data are also relevant in
understanding the deterioration mechanisms of polymeric materials used in pipeline
linings, seals, and flexible hoses when dissolved fluids are released during the
depressurization of industrial equipment.2 Phase equilibria information is also required in
several polymer applications such as industrial paints and coatings, substrate
compatibility with adhesives, miscibility predictions in polymer alloys3 and polymer
membrane for separation of gas mixtures or as barrier membranes to gas transport.4
The miscibility of a polymer in a specific solvent or mixture of solvents depends
strongly on both thermal expansion and energetic interactions between the polymer and
solvent. At higher temperatures (close to the solvent critical point), polymer solutions
usually separate into two phases due to a large difference in the thermal expansion
coefficient of the solvent and polymer.5 This type of phase transition is known as the
lower critical solution temperature (LCST). At lower temperatures, differences of
energetic interaction between polymer and solvent molecules may lead to another phase
transition (limited polymer solubility and phase split) known as the upper critical solution
temperature (UCST). For temperatures between the LCST and UCST the polymer
solution is completely miscible.
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Many industrially relevant thermodynamic properties of polymer solutions such
as swelling, sorption and solubilities can be expressed in terms of the polymer-solvent
interaction parameter (χ).6 The χ interaction parameter, proposed by Flory7-9 and
Huggins,10,11 is a measure of the relative strength of intermolecular forces between
polymer and solvent molecules. Thus, this parameter provides valuable insight into the
molecular nature and extent of the polymer-solvent interactions, which can be very useful
for understanding polymer solutions thermodynamics. Indeed, the χ parameter is utilized
as a miscibility criterion.12 For values of χ lower than the critical value (in polymer
solutions, the critical value for χ is approximately 0.5), the polymer is expected to be
soluble in the solvent. For larger values of χ (χ >χc), the system is predicted to separate
into two phases.
Experimental measurement of the χ parameter can be obtained from different
methods such as depressed melting point,13-15 inverse gas chromatography,16-18 cloud
points,19-21 solubility parameters,22,23 osmotic pressures,24,25 and light scattering data,26-28
among others. It should be noted that a combination of various experimental methods is
usually required to obtain the χ values for the whole range of polymer volume fraction
( φ P ).29-31 For example, typical ranges of polymer volume fraction for the applicability of
some commonly used methods are: φ P → 1 (inverse gas chromatography), 0 < φ P < 0.3
(osmosis) and φ P → 0 (scattering methods). It has been observed experimentally that, for
most systems involving only van der Waals forces (repulsion and attraction), the
temperature dependence of χ can be described by χ = a + b/T , where the constant a
represents an entropic contribution to χ and b is the enthalpic contribution. In most cases
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for binary polymer solutions, a positive value of constant b is associated with mixtures
that exhibit an UCST-behavior, whereas a negative b value corresponds to a LCSTbehavior.12,32 It is important to note that the χ parameter may also exhibit a parabolic
dependence on 1/T, reflecting the simultaneous existence of both an UCST and a LCST,
as seen for the polymer solution polystyrene/cyclopentane.33 The influence of φ P on the χ
parameter varies considerably.29-31 According to the experimental data available in the
literature, typically two behaviors can be distinguished: (i) χ can increase markedly as φ P
increases, especially in the case of poor solvents; and (ii) χ can appear to be independent
of φ P , particularly for good solvents.
According to the Flory-Huggins7-11 theory for polymer solutions the χ parameter
can be related to the differences between the chemical potential of the solvent in the
binary mixture ( μ s ) and the chemical potential of the pure solvent ( μ s0 ) by the following
expression:30,31

χ=

( μ s − μ s0 )res
RTφ P2

(2.1)

where R is the universal gas constant and T is the temperature. Thus, by extending this
expression to the SAFT approach, it is possible to calculate an effective χ parameter as a
function of the temperature, pressure, and volume fraction of the polymer.
In addition to examining the interactions between polymer and solvent molecules
through χ in polymer solutions, it is also of great interest to study the polymer-polymer
interactions via the second osmotic virial coefficient (A2), which indicates repulsion or
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attraction between polymer chains. The second osmotic virial coefficient can be
expressed in terms of the χ parameter by means of the following equation:34,35
v ⎡ (μ 0 − μ S ) vP
⎤ 1 − 2 χ0
A2 = P ⎢ S
− 1 ⎥=
φ P ⎣ RTφ P vs
2v s
Mw ⎦

⎛ vP ⎞
⎜
⎟
⎝ Mw ⎠

2

(2.2)

where vp is the specific volume of the polymer, vs is the molar volume of the solvent, Mw
is the weight average molecular weight of the polymer and χ 0 is the value of χ at infinite
dilution of the polymer ( φ P → 0 ). According to this expression, A2 is a function of
temperature (through χ, vp, and vs). Hence, it can be positive at certain temperatures,
negative at others or even equal to zero. Positive values of A2 indicate repulsion between
polymer chains resulting in a miscible mixture, wherein the solvent is referred to as a
good solvent. In contrast, negative values of A2 correspond to attraction between polymer
molecules leading to phase separation. In this case, the solvent is often called poor
solvent. When A2 = 0 , the polymer solution is close to the ideal solution and the entropy
of mixing compensates repulsive polymer-solvent interactions or attractive polymerpolymer interactions. In this situation, the solvent is referred to as a theta solvent.12
The second osmotic virial coefficient can be determined from several
experimental methods such as osmotic pressure measurements,36-38 sedimentation
equilibrium39,40 and scattering methods,41-44 among others. According to the available
experimental information, the dependence of A2 on polymer molecular weight can be
described by a power expression A2 = K A M

aA

, where KA and aA are empirical constants

determined for each polymer solution at given values of temperature and pressure. There
is no general expression concerning the temperature and pressure dependence.36,45,46
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However, it has been found experimentally that for many systems, A2 decreases almost
linearly with reciprocal temperature. As previously mentioned, the second osmotic virial
coefficient represents a measure of the interactions between pairs of polymer molecules;
hence A2 provides valuable information on polymer system properties such as the
swelling of the polymer coils, viscosity of the solution and quality of the solvent, among
others.41-44,47,48
Several thermodynamic models have been reported in the literature to describe the
thermodynamic properties and fluid-phase equilibria of polymeric systems. These models
are usually classified into three categories: lattice models (Flory-Huggins7-11), free energy
models (UNIFAC-FV49 and polymer-NRTL50) and equations of state (SanchezLacombe,51,52 polymer-SRK,53 PHSC54 and SAFT55,56). The Sanchez-Lacombe (SL)
approach is one of the most widely used lattice models because of its simplicity. This
model is a modification, of the classic lattice model of Flory-Huggins7-11, in which empty
lattice sites (holes) are included to account for compressibility and density changes upon
isothermal mixing. The SL approach allows the calculation of thermodynamic and
equilibrium properties for a broad variety of polymeric systems.51,57-60
One model of rising popularity in the thermodynamic description of polymer
systems, because of its accuracy and predictive capacity, is the statistical associating fluid
theory (SAFT). The SAFT approach was developed by Chapman et al.,55,56 based on the
perturbation theory of Wertheim,61,62 to describe not only associating fluids but also longchain molecules such as polymers. In SAFT, separate molecular contributions are
incorporated to take into account segment-segment interactions, segment bonding to form
chains, association, and dispersion interactions. Long-chain molecules such as polymers
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can be modeled as chains of freely-jointed spherical segments in which the number of
spheres in the chain is proportional to the molecular weight. The most widely used
versions of the SAFT approach are the soft-SAFT,63,64 the variable-range SAFT-VR65,66
and the perturbed-chain PC-SAFT67,68 models. The major difference between these
versions is the reference system used. In the original version of Chapman, the reference
system is a hard-sphere fluid. SAFT-VR uses generally a square-well fluid with a
variable range; soft-SAFT employs a Lennard–Jones fluid, while in PC-SAFT the
reference system used is a hard-sphere chain fluid. In this work, we have chosen PCSAFT mainly because its dispersion term accounts explicitly for the chain structure of the
molecules, hence improving the description of systems involving long-chain molecules
such as polymers. Indeed, the PC-SAFT model has been applied to calculate
thermodynamic properties and phase equilibria behavior of a great variety of polymer
systems.67-72
Most theoretical and experimental studies have used SAFT-type equations for
modeling the phase equilibria of polymeric systems.67-77 However, it is also of great
interest in industry and academic research to describe thermodynamic properties such as

χ and A2 which provide insight into the microscopic nature and extent of the polymersolvent and polymer-polymer interactions and, thus, can be used to achieve a better
understanding of the physical behavior of polymer solutions.12,31,48 To the best of our
knowledge, predictions of χ and A2 using the SAFT approach have not been reported in
the literature. Accordingly, the main objective of the present work was to study the
performance of the PC-SAFT equation of state (EoS) for predicting the polymer-solvent
interaction parameter and second osmotic virial coefficient. To achieve this aim, we

25

calculate χ and A2 values for a large variety of binary polymer solutions as functions of
the temperature, pressure, volume fraction of the polymer and molecular weight of the
polymer and compare them with available experimental data and also with predictions
from the SL model. The study performed in this work might contribute to extend the
application of the SAFT approach for the thermodynamic description of polymeric
systems.

2.2 Thermodynamic Models
2.2.1

The PC-SAFT EoS

In this model, the molecules are described as chains of m tangentially bonded
hard-spherical segments of identical diameter σ and dispersive energy ε/k. Hence, there
are three molecular parameters to represent nonassociating, nonpolar fluids: m, σ, ε/k.
The residual Helmholtz energy, ares, is written as a summation of different microscopic
contributions:67,68

a res = a ref + a chain + a disp + a assoc + a dipolar

(2.3)

where aref denotes the contribution due to the reference system (hard-sphere chain), achain
accounts for the formation of chains, adisp corresponds to the Helmholtz energy due to
dispersion interactions between segments, aassoc is the contribution due to the effect of
molecular association, and adipolar represents the Helmholtz energy due to the dipolardipolar forces. The reference system contribution can be written as:

a

ref

m
=
ξ0

3
⎡ 3 ξ 1ξ 2
⎤
⎞
⎛ ξ 23
ξ2
⎜ 2 − ξ 0 ⎟ ln(1 − ξ 3 )⎥
+
+
⎢
2
⎟
⎜ξ
⎢⎣ (1 − ξ 3 ) ξ 3 (1 − ξ 3 )
⎥⎦
⎠
⎝ 3

(2.4)
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with ξ n = (π/6) ρ∑i xi mi d i and m = ∑i xi mi where xi, mi and di are the mole fraction,
n

number of segments and temperature-dependent segment diameter of component i,
respectively. The chain contribution is defined as:
n

a chain = ∑ xi (1 − mi ) ln g iihs (σ ii )

(2.5)

i =1

where g iihs is the radial pair distribution function for segments of component i. The
dispersion contribution is given by:
a disp = a1disp + a 2disp

(2.6)

n
n
⎛ ε ij ⎞ 3
⎟⎟σ ij
a1disp = −2πρI 1disp (ξ 3 ,m )∑ ∑ xi x j mi m j ⎜⎜
i =1 j =1
⎝ kT ⎠

(2.7)

with

a

disp
2

= − πρm C I

disp
1 2

ε ij = ε i ε j (1 − k ij ) ,

2

⎛ ε ij ⎞
⎟⎟ σ ij 3
(ξ 3 ,m )∑ ∑ xi x j mi m j ⎜⎜
i =1 j =1
⎝ kT ⎠
n

n

σ ij = 1 (σ i + σ j )
2

(2.8)

(2.9)

where εij and σij are the cross-dispersive energy and the cross-segment diameter between
molecules of type i and j in the mixture and kij is the binary interaction parameter.
disp
disp
Expressions and definitions for C1, I1 , and I 2 can be found in the appendix section of

the original Gross and Sadowski publication.67 The association contribution is expressed
as:
⎡ ⎛
X A i ⎞ si ⎤
⎟+
a assoc = ∑ xi ⎢ ∑ ⎜⎜ ln X A i −
2 ⎟⎠ 2 ⎥⎥⎦
i
⎣⎢ A i ⎝

(2.10)
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where si is the number of association sites on each molecule, and X A i is the mole fraction
of molecules i not bonded at site A. The values of X A i can be determined as follows:
⎛
⎞
= ⎜⎜ 1 + N av ∑∑ ρ j X B j Δ A i B j ⎟⎟
i Bj
⎝
⎠

X Ai

−1

(2.11)

where Nav is Avogadro’s number and ρ is the molar density of molecules. Δ A i B j is the
association strength that is calculated as

[ (

Δ A i B j = g iihs exp ε
where ε

AiBj

) ]

AiBj

kT − 1 σ ij κ
3

AiBj

(2.12)

/k is the association energy of component i, and κ

AiBj

is the volume available

for bonding. The dipolar contribution is written as:
a dipolar =

a 2dipolar
a3dipolar
1 − dipolar
a2

(2.13)

with

a

a

dipolar
2

dipolar
3

2π ρ
=−
9 (kT) 2

5π 2 ρ 2
=
162 (kT) 3

∑∑ x x m m
i

i

j

∑∑∑ x x
i

i

i

j

j

k

j

j

xp i xp j

μi 2 μ j 2
d ij

2

(2.14)

I 2, ij

x k mi m j mk xp i xp j xp k

μi 2 μ j 2 μ k 2
d ij d jk d ik

I 3, ijk

(2.15)

where xp is the fraction of polar segments in the molecule, μ is the molecular dipole
moment, and I 2, ij and I 3, ijk are the angular pair and triplet correlation functions,
respectively. The reader is referred to the original publications for additional details.67-69
In summary, PC-SAFT requires three molecular parameters to describe nonassociating,
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nonpolar fluids (m, σ, ε/k). For associating fluids, a total of five parameters must be
AiBj

assigned (m, σ, ε/k, ε

/k , κ

AiBj

), and for modeling dipolar fluids, four parameters are

needed (m, σ, ε/k, xp) along with the experimental value for the dipole moment of the
molecule (μ).
2.2.2

The Sanchez-Lacombe EoS

This model assumes that the solvent and polymer molecules are distributed over
a lattice. The solvent molecules are single spheres, whereas the polymer is composed of
bonded spherical segments (monomers), each having the same size as that of a solvent
molecule. The SL EoS can be written as:51,52
~

~

ρ~ 2 + P + T ⎡⎢ln (1-ρ~ ) + ⎛⎜ 1 − 1 ⎞⎟ ρ~ ⎤⎥ = 0
⎝

⎣

r⎠ ⎦

(2.16)

~
~
where ~
ρ = ρ/ρ * = 1 / v~ , P = P/P * , and T = T/T * . Here ρ is the density, P is the

pressure, T is the temperature, r is the number of lattice sites occupied by a molecule
(solvent or polymer), and ρ∗, P* and T* are the three molecular parameters that
characterize a pure component. For mixtures, it is necessary to define a characteristic
mixture temperature, pressure, and close-packed molar volume. The characteristic
mixture temperature is given by
*
Tmix
=

1
Rv*mix

∑∑ ϕ ϕ
i

i

ε v

* *
j ij ij

(2.17)

j

with

ϕi =

( wi ρ i vi )
∑ j (w j ρ jv j )

(2.18)

29

*

ε ij = ε i ε j (1 − k ij )

(2.19)

where ε ij* is the cross energy term, kij is the binary interaction parameter, ϕi is the
volume fraction of component i, and wi is the mass fraction of component i. The closepacked molar volume of the mixture can be obtained from the following expression:
*
v mix
= ∑∑ ϕ iϕ j vij*
i

(2.20)

j

where the cross volume term, vij* , is the arithmetic mean of the two pure-component
characteristic volume, thus vij* = (vi* + v *j )/2 . The characteristic mixture pressure can be
*
*
*
= RTmix
/ v mix
and the number of lattice sites occupied by a molecule in
calculated as Pmix

a mixture is defined as 1 / rmix = ∑iϕ i / ri . It should be mentioned that a modified version
of the SL EoS usually referred to as SLHB allows for accounting explicitly for specific
intermolecular forces such as hydrogen bonding. Detailed description of these
expressions can be found in the work by Sanchez and Panayiotou.78
2.2.3

Molecular Parameters

As previously mentioned, for each nonassociating, nonpolar pure fluid, there are
three molecular parameters: m, σ, ε/k for the PC-SAFT EoS and ρ∗, P*, T* for the SL
model. In principle, any thermodynamic property may be used to obtain these parameters,
but they are generally determined by simultaneously fitting to saturated liquid density and
vapor pressure data, because these data are widely available in the literature. In addition
to these three parameters, the PC-SAFT model requires two further parameters for
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associating molecules ( ε

AiBj

/k and κ

AiBj

) and an extra parameter for polar components

(xp), all of which can also be estimated using the same fitting method described above.
The determination of molecular parameters for polymers by fitting to vapor
pressure and liquid density data is not possible as polymers have no measurable vapor
pressure. Within the framework of the SL EoS, polymer parameters can be obtained by
regressing only pure polymer liquid density data. In cases where the available data are
scarce for a given polymer, the molecular parameters can be estimated from experimental
values of density, isothermal compressibility and thermal expansion coefficient measured
at the same temperature and atmospheric pressure. Based on this approach, Sanchez and
Panayiotou78 have reported SL parameters for a great variety of polymers. The molecular
parameters of the SL EoS for the polymers and solvents investigated in this work were
taken from the literature, and they are compiled in Table 2.1 for completeness.
In the case of the PC-SAFT and other SAFT-type models, it is known that fitting
polymer parameters to pure polymer properties generally leads to unsatisfactory results
when describing mixture properties.79,80 Alternatively, the polymer parameters can be
obtained by simultaneously fitting to pure polymer properties and binary phase equilibria
data, which provides a better representation of polymeric system properties.68,81 In this
work, therefore, we have used this last method to calculate PC-SAFT parameters for
poly(butyl methacrylate) (PBMA) and poly(ethylene glycol) (PEG). It is expected that
these polymers form association complexes through specific interactions (dipolar and
hydrogen bonding interactions),69,82 which can be explicitly accounted using the dipolar
and association terms of PC-SAFT. PBMA exhibits strong polar forces because of its
relatively high dipole moment (μ = 2.15D). Thus, PBMA was modeled as a dipolar
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polymer. In the case of PEG, terminal hydroxyl (OH) groups can form hydrogen bonds
with either the oxygen atoms along the polymer backbone or another terminal OH group.
For PEG of low molecular weight, as studied in this work, it is expected that the
contribution to the hydrogen bond formation due to the end OH groups becomes more
significant than that of the ether oxygen groups.83 Therefore, we have modeled PEG
using two association sites, as was already done by Wiesmet el al.82 and Pedrosa et al.74
when studying phase equilibria behavior and solubility of gases in PEG. The values

Table 2.1. Molecular parameters of the SL EoS for solvents and polymers used in this work.
component
n-pentane
n-hexane
n-heptane
n-octane
cyclohexane
benzene
toluene
ethylbenzene
3-pentanone
methyl ethyl ketone
acetone
n-butyl acetate
ethanol
2-propanol
poly(vinyl acetate)
poly(butyl methacrylate)
poly(ethylene glycol)
poly(dimethyl siloxane)
polyethylene
polypropylene
polyisobutylene
polystyrene

T* (K)
441
476
487
502
497
523
543
537
481
513
484
498
464
395
603
566
541
552
649
771
643
735

P∗ (MPa)
310
298
309
308
383
444
402
403
396
447
533
394
328
320
521
391
605
302
425
281
354
357

ρ∗ (kg/m3)
755
775
800
815
902
994
966
965
819
913
917
1003
826
973
1269
1129
1172
1126
904
852
974
1105

ref.
51
51
51
51
51
51
51
78
78
78
78
78
78
78

this work
this work
78
78
52
78
52
52

32

of molecular parameters for PBMA (m/M, ε/k, σ and xp) and PEG (m/M, ε/k, σ, ε
and κ

AiBj

AiBj

/k

) were adjusted simultaneously to the pure polymer liquid density data84,85 and

the experimental cloud-point data of a binary mixture of PBMA (Mw = 36.8 kg/mol,
Mw/Mn < 1.3) with benzene86 and PEG (Mw = 2 kg/mol, Mw/Mn < 1.1) with toluene,86

respectively. The molecular parameters of the PC-SAFT model for the polymers and
solvents used in this study are listed in Table 2.2 for completeness.

2.3 Results and Discussion
We have examined the performance of the PC-SAFT and SL models in predicting
the χ parameter for different type of polymers: PBMA and PVAC (polar polymers), PEG
(associating polymer), and polyethylene (PE), polypropylene (PP), polyisobutylene
(PIB), polystyrene (PS) and PDMS (nonassociating polymers) in binary mixtures with
several solvents including nonassociating components such as n-alkanes, polar
components such as ketones and esters, and associating components such as alcohols.
These polymers have been selected because experimental information for them is widely
available. Comparison is made with experimental data obtained from polymer samples
with a relatively low polydispersity index (Mw/Mn < 1.3). Specific interactions such as
hydrogen bonding and polar interactions were taken into accounted explicitly in the PCSAFT model by including the respective association and polar contributions into Eq.
(2.3). In the case of the SL model, the SLHB version was used for modeling associating
molecules (PEG and alcohols), whereas polar interactions were effectively modeled
through the van der Waals contribution. Some calculations were performed using the
VLXE Thermodynamic Software.87
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Table 2.2. Molecular parameters of the PC-SAFT EoS for solvents and polymers investigated in this work.
component

m/M (mol/g)

σ (Å)

ε/k (K)

n-pentane
n-hexane
n-heptane
n-octane
cyclohexane
benzene
toluene
ethylbenzene
methyl ethyl ketone
3-pentanone
acetone
n-butyl acetate
ethanol
2-propanol
poly(vinyl acetate)
poly(butyl methacrylate)
poly(ethylene glycol)
poly(dimethyl siloxane)
polyethylene
polypropylene
polyisobutylene
polystyrene

0.03728
0.03548
0.03476
0.03342
0.03007
0.03156
0.03055
0.02901
0.03354
0.03281
0.03766
0.03151
0.05172
0.51470
0.02552
0.02399
0.02685
0.03460
0.02630
0.02305
0.02350
0.01900

3.7729
3.7983
3.8049
3.8373
3.8499
3.6478
3.7169
3.7974
3.6890
3.7056
3.6028
3.6751
3.1771
3.2085
3.5895
4.0379
4.2528
3.3820
4.0217
4.1000
4.1000
4.1071

231.20
236.77
238.40
242.78
278.11
287.35
285.69
287.35
270.00
265.83
245.49
237.43
198.24
208.42
214.40
277.31
359.04
165.00
252.0
217.0
265.5
267.0

ε

AiBj

/k (K)

κ

AiBj

xp

0.2074
0.1774
0.2969
0.4098
2653.4
2253.9

2.70
2.70
2.72
1.86

0.03238
0.02468
0.2596
0.2426

1137.2

μ (D)

0.01765

1.79
2.15

ref.

143-469
177-503
182-623
216-569
279-553
278-562
178-594
178-617
270-374
282-353

AAD (%) ρ
0.78
0.76
2.10
1.59
3.12
1.42
1.35
1.05
0.65
0.24

230-560
200-512
185-508

0.78
0.79
1.25

88

250-500
360-510
303-400

3.64
2.39
3.73
1.62
5.55
0.95
1.16

this work
this work

T range (K)

67
67
67
67
67
67
67
67
88
88
69
89
89
69

90
68
68
68
68
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An important feature of molecular-based models as PC-SAFT and SL is the fact
that both pure-component parameters and the binary interaction parameter, kij, are
expected to be independent of the thermodynamic conditions.91 Hence, they can be used
to predict other thermodynamic properties of the same system in other regions of the
phase diagram. In this work, the kij parameters were obtained by fitting to experimental
phase equilibria data33,86 of each binary mixture. We have then used these parameters in
calculating χ and A2 values for comparison with experimental results. In doing so, we
emphasize that the PC-SAFT and SL results for χ and A2 are predictions since neither χ
nor A2 data were included in the fitting procedure of the kij parameters. The optimized kij
values for the polymer solutions investigated here are listed in Table 2.3. For illustration
purposes, we show in Figure 2.1 the phase behavior description for the systems PBMA
(Mw = 8.9 kg/mol, Mw/Mn = 1.12)/ethanol, PBMA (Mw = 8.9 kg/mol, Mw/Mn = 1.12)/2propanol, PEG (Mw = 3.272 kg/mol, Mw/Mn < 1.2)/ethylbenzene and PDMS (Mw = 4.17
kg/mol, Mw/Mn < 1.2)/toluene at the indicated temperatures with their respective
optimized kij parameters. It can be seen that both the PC-SAFT and SL (SLHB where
appropriate) models agree with the experimental cloud-point pressures, especially taking
into account that polymer solutions involving polar and association interactions are very
demanding systems for any thermodynamic model. However, in general, the PC-SAFT
EoS yields a better description of the phase behavior of the studied mixtures using lower
values for the kij parameters (see also Table 2.3). Predicted χ and A2 values for these
systems using kij parameters optimized as described above are shown in Figures 2.2-2.9.
All calculations in this work were performed using kij parameters reported in Table 2.3.
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Table 2.3. Binary interaction kij parameters of the PC-SAFT and SL models for the systems
studied when using polymer parameters obtained from the proposed parameterization strategy.
system
PIB/n-pentane
PIB/n-heptane
PIB/cyclohexane
PS/methyl ethyl ketone
PS/n-butyl acetate
PS/cyclohexane
PS/toluene
PDMS/methyl ethyl ketone
PDMS/n-octane
PDMS/toluene
PEG/ethylbenzene
PP/n-pentane
PP/3-pentanone
PP/n-octane
PVAC/acetone
PE/n-hexane
PE/n-heptane
PBMA/ethanol
PBMA/2-propanol

Mw (kg/mol)
45
65
100
10.3
500
150
150
61
4.17
4.17
3.272
50
26.2
50
109.1
50
26.2
8.9
8.9

kij
PC-SAFT

SL

0.00177
0.00133
0.00138
0.01174
-0.02671
0.00835
0.00434
-0.02161
0.01596
0.01356
-0.00011
0.00219
0.03057
0.00258
-0.04753
0.00183
0.00153
-0.09460
-0.04631

0.01439
0.01571
0.01310
0.05667
0.02338
0.02474
0.02277
0.03279
0.00711
0.02391
-0.00340
0.02081
0.10387
0.02420
-0.00484
0.01143
0.03870
0.09831
0.08242
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12

50

kij= -0.0946
40

10

8

P (kPa)

30

P (kPa)

kij= -0.00337

kij= 0.0983
kij= -0.0463

kij= 0.0824

6

PEG/ethylbenzene (T=343.15K)
PDMS/toluene (T=298.15K)
PC-SAFT
SLHB

20

kij= 0.01356

4

10

0
0.0

(b)

kij= -0.00011

(a)

kij= 0.02391

PBMA/ethanol (T=333.15K)
PBMA/2-propanol (T=329.15K)
PC-SAFT
SLHB

0.2

0.4

0.6

Polymer weight fraction

2

0.8

1.0

0
0.0

0.2

0.4

0.6

0.8

1.0

Polymer weight fraction

Figure 2.1. Phase behavior description of the systems: (a) PBMA (Mw = 8.9 kg/mol and Mw/Mn = 1.12)/ethanol and PBMA (Mw = 8.9 kg/mol and
Mw/Mn = 1.12)/2-propanol, (b) PEG (Mw = 3.272 kg/mol and Mw/Mn < 1.2)/ethylbenzene and PDMS (Mw = 4.17 kg/mol and Mw/Mn < 1.2)/toluene
at the indicated temperatures. Solid lines are PC-SAFT predictions. Dotted lines represent SL (SLHB where appropriate) predictions. Symbols are
experimental data taken from the literature.86
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In Figure 2.2a is shown the prediction of the χ parameter from the PC-SAFT EoS
for the systems PIB/n-pentane, PS/cyclohexane, PE/n-hexane and PP/n-octane together
with the experimental data reported in the literature.29-31 Predictions from the SL model
are also included for comparison. It can be seen that the PC-SAFT and SL predictions
provide a good description of the experimental trends, particularly considering that the
results correspond to pure predictions. It can also be observed that for the temperature
range covered both models predict that the χ parameter varies almost linearly with the
inverse of the temperature, in accordance with the experimental information reported for
most nonassociating binary polymer solutions.29-31
In Figure 2.2b, computed values of χ from the PC-SAFT model for binary
mixtures of PBMA, PP and PS with both polar and associating solvents are compared to
available experimental data.29-31 The presence of either a polar or associating solvent
introduces specific interactions (polar or hydrogen bonding, respectively) that promote
the attraction between solvent molecules resulting in greater values for the χ parameter.
PC-SAFT and SL (SLHB where appropriate) are capable of describing such a physical
behavior, although the results obtained from PC-SAFT are generally in better agreement
with the experimental values.
The variation of the χ parameter with the polymer volume fraction is presented in
Figure 2.3 for the systems PEG/ethylbenzene, PVAC/acetone, PBMA/2-propanol, PP/3pentanone, PE/n-heptane and PS/methyl ethyl ketone along with experimental data
published in the literature.29-31 Predictions from the SL model (SLHB where appropriate)
are also included for comparison. Calculations were performed with the respective kij
parameter given in Table 2.3. It can be observed that at low and intermediate polymer
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0.9

1.0

0.8

PIB/n-pentane
PS/cyclohexane
PE/n-hexane
PP/n-octane
PC-SAFT
SL

0.8

PP/3-pentanone
PBMA/ethanol
PS/n-butyl acetate
PBMA/2-propanol
PC-SAFT
SLHB

0.6

χ

χ

0.7

0.4

0.6

0.2

0.5

(a)
0.0
2.6

2.8

3.0

3.2

1/T (1000/K)

3.4

3.6

2.6

(b)
2.8

3.0

3.2

3.4

3.6

3.8

1/T (1000/K)

Figure 2.2. Predictions of polymer-solvent interaction parameter at constant polymer volume fraction (φP = 0.4) for the systems: (a) PIB (Mw = 62
kg/mol, Mw/Mn < 1.2)/n-pentane, PS (Mw = 233 kg/mol, Mw/Mn < 1.1)/cyclohexane, PE (Mw = 60 kg/mol, Mw/Mn < 1.2)/n-hexane and PP (Mw = 70
kg/mol, Mw/Mn < 1.1)/n-octane, (b) PP (Mw = 20 kg/mol, Mw/Mn < 1.2)/3-pentanone, PBMA (Mw = 8.9 kg/mol, Mw/Mn < 1.1)/ethanol, PS (Mw = 11
kg/mol, Mw/Mn < 1.1)/n-butyl acetate and PBMA (Mw = 8.9 kg/mol, Mw/Mn < 1.1)/2-propanol. Solid lines are PC-SAFT predictions. Dotted lines
are SL (SLHB where appropriate) predictions. Calculations were performed using the respective kij parameter listed in Table 2.3. Symbols are
experimental data taken from the literature.29-31

39

1.4

1.2

1.0

PP/3-pentanone (T=298K)
PE/n-heptane (T=382K)
PVAC/acetone (T=303K)
PS/methyl ethyl ketone (T=298K)
PBMA/2-propanol(T=329K)
PEG/ethylbenzene (T=343.15K)
PC-SAFT
SLHB

χ

0.8

0.6

0.4

0.2
0.0

0.2

0.4

0.6

0.8

1.0

Polymer volume fraction
Figure 2.3. Predictions of polymer-solvent interaction parameter as a function of the volume
fraction of the polymer for the systems PP (Mw = 20 kg/mol, Mw/Mn < 1.2)/3-pentanone, PE (Mw =
45 kg/mol, Mw/Mn < 1.3)/n-heptane, PVAC (Mw = 109.1 kg/mol, Mw/Mn < 1.1)/acetone, PS (Mw =
290 kg/mol, Mw/Mn < 1.1)/methyl ethyl ketone, PBMA (Mw = 9 kg/mol, Mw/Mn < 1.1)/2-propanol
and PEG (Mw = 3.272 kg/mol and Mw/Mn < 1.2)/ethylbenzene at the indicated temperatures. Solid
lines are PC-SAFT predictions. Dotted lines correspond to SL (SLHB where appropriate)
predictions. Calculations were performed using the respective kij parameter shown in Table 2.3.
Symbols represent experimental data taken from the literature.29-31
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volume fraction, predicted values from both models are in reasonable agreement with the
experimental data. PC-SAFT and SL predictions are able to describe the pronounced
increase of χ with increasing polymer volume fraction for binary polymer solutions with
poor solvents (PEG/ethylbenzene, PS/methyl ethyl ketone, PVAC/acetone and PBMA/2propanol); and the slight variation of χ with the polymer volume fraction for polymer
solutions with good solvents (PP/3-pentanone and PE/n-heptane).
It is also of great interest to investigate the performance of the PC-SAFT model in
predicting the χ parameter for binary polymer solutions with solvents of different
solvency quality. For that purpose, we have selected PDMS because there is a lot
experimental information available for it. In order to cover a wide range in the solvent
quality for PDMS, we have chosen as solvents: n-octane (good solvent), toluene (poor
solvent) and methyl ethyl ketone (theta solvent). The results obtained are shown in Figure
2.4 together with the experimental data reported by Schneider et al.92 for a polymer
sample with Mw = 11 kg/mol and a polydispersity index of Mw/Mn = 1.82. The molecular
weight distribution of this polymer was modeled using eight pseudo-components which
were determined according to the algorithm suggested by Tork et al.93 (see Table 2.4).
Calculations were performed with the corresponding kij parameters reported in Table 2.3.
The PC-SAFT and SL models are able to predict reasonably well the different polymer
volume fraction dependences of the χ parameter exhibited by the systems under
investigation. It can be observed that for a given φ P the χ parameter decreases with
increasing quality of the solvent. As discussed before, this behavior can be due to the fact
that PDMS is a nonpolar polymer and that the polarity of the solvents decreases from
methyl ethyl ketone via toluene to n-octane. It can also be seen that PC-SAFT provides a
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more accurate representation of the experimental χ 0 values leading to a better description
of A2 as shown below.
In addition to examining the temperature and polymer volume fraction dependences,
the PC-SAFT approach can also be applied to predict the effect of polymer molecular
weight (Mw) on the χ parameter. Calculated χ values for PE, PP, PIB, PS, PDMS, PVAC,
PBMA and PEG in binary mixtures with several polar and associating solvents as well as
nonassociating solvents shown a similar behavior. For the sake of brevity, therefore, only
results for the PS/toluene system as a function of polymer molecular weight at several
polymer volume fractions are presented in Figure 2.5. Results were obtained using the
corresponding kij parameter given in Table 2.3. It can be seen that the PC-SAFT and SL

Table 2.4. Pseudocomponents determined from the experimental Mw and Mn values for modeling
the molecular weight distribution of PDMS with methyl ethyl ketone, toluene and n-octane shown
in Figure 2.4.
mol wt Mi
pseudocomponent
mass fraction of
[g/mol]
pseudocomponent wpi
i
1
0.02023
1000.00
2
0.05180
1812.33
3
0.12080
3284.55
4
0.23466
5952.69
5
0.31894
10788.3
6
0.21577
19551.9
7
0.03736
35434.6
8
0.00045
64219.2
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Figure 2.4. Predictions of polymer-solvent interaction parameter as a function of the volume
fraction of the polymer for binary mixtures of PDMS (Mw = 11 kg/mol, Mw/Mn = 1.82) with
methyl ethyl ketone, toluene and n-octane at a constant temperature of 303 K. Solid lines
correspond to PC-SAFT predictions. Dotted lines represent SL predictions. Calculations were
performed with the respective kij parameter reported in Table 2.3. Symbols are experimental data
taken from the literature.92 The polymer was modeled using eight pseudocomponents (see Table
2.4).
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Figure 2.5. Predictions of polymer-solvent interaction parameter as a function of Mw at a constant
temperature of 303 K for a binary mixture of PS (Mw/Mn < 1.1) with toluene. Solid lines are PCSAFT predictions. Dotted lines represent SL predictions. Calculations were made with the
corresponding kij parameter given in Table 2.3. Symbols are experimental data taken from the
literature.29-31
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predictions for all polymer volume fractions investigated are in reasonable agreement
with the available experimental data.29-31 In particular, it can be observed that for a given

φ P initially predicted χ values increase greatly with increasing polymer molecular weight
and subsequently tends towards an asymptotic value becoming independent of Mw. This
behavior is in agreement with results previously reported in the literature,92,94 which
support that the χ parameter is generally insensitive to higher polymer molecular weight.
The variation of χ with respect to pressure is shown in Figure 2.6 for a binary
mixture of PP and n-pentane for three different polymer volume fractions. Predictions
from the SL model are also included for comparison. Calculations were made with the
respective kij parameter given in Table 2.3. It can be seen that the χ parameter increases
almost linearly with rising pressure for a given φ P . It can also be observed that predicted

χ values increase with increasing polymer volume fraction for a given pressure. Although
the data available are rather scarce, making it difficult to assess the accuracy of
investigated models, a similar behavior has been reported by Sun et al.95 when examining
effects of pressure and molecular weight on the miscibility of PS in cyclohexane by
means of the SL EoS. Similarly, Walker et al.96 have also found that the χ parameter as
determined from SL varies linearly with pressure for PDMS/poly(ethylmethylsiloxane)
blends in the presence of high-pressure carbon dioxide. In general, the calculated χ
values are in reasonable agreement with the experimental data, indicating that PC-SAFT
and SL are capable of predicting adequately the temperature, pressure, polymer volume
fraction and polymer molecular weight dependences of χ for the binary polymer solutions
studied.
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Figure 2.6. Predictions of polymer-solvent interaction parameter as a function of pressure at a
constant temperature of 300 K for the system PP (Mw = 50 kg/mol, Mw/Mn = 1)/n-pentane. Solid
lines are PC-SAFT predictions. Dotted lines represent SL predictions. Calculations were
performed with the corresponding kij parameter collected in Table 2.3.
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As part of the study performed in this work, we have also investigated the
polymer molecular weight, temperature and pressure dependences of the second osmotic
virial coefficient for several polymer solutions. Figure 2.7 presents calculated values of
A2 for the systems PIB/cyclohexane, PS/benzene, PIB/n-heptane and PS/methyl ethyl

ketone at a temperature of 298 K along with the available experimental data.46
Calculations were performed according to Eq. (2.2) using the respective kij parameters
reported in Table 2.3. In general, the PC-SAFT predictions describe better the
experimental behavior than those of the SL EoS. It can also be seen that firstly predicted
A2 values decrease markedly as polymer molecular weight increases and then approach

asymptotically a finite value which should become zero in the limit of infinite molecular
weight according to Eq. (2.2).34,35
The temperature dependence of the second osmotic virial coefficient was
investigated for binary mixtures of PE, PP, PIB, PS, PDMS, PVAC, PBMA and PEG
with various associating and polar solvents as well as nonassociating solvents. The results
obtained exhibited similar tendencies. Therefore, only predictions for the binary mixture
of PS with cyclohexane are shown in Figure 2.8 together with the experimental data
available in the literature.46 Results were obtained using the respective kij parameter listed
in Table 2.3. The PC-SAFT and SL predictions describe reasonably the experimental data
trend. It can be observed that computed A2 values vary linearly with reciprocal
temperature, in accordance with the available experimental information. It can also be
seen that the investigated models are able to capture the increase in A2 as polymer
molecular weight is decreased.
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Figure 2.7. Predictions of second osmotic virial coefficient as a function of Mw at a constant
temperature of 298 K for the systems PIB (Mw/Mn < 1.1)/cyclohexane, PS (Mw/Mn < 1.1)/benzene,
PIB/n-heptane (Mw/Mn < 1.1) and PS (Mw/Mn < 1.1)/methyl ethyl ketone. Solid lines represent PCSAFT predictions. Dotted lines are SL predictions. Calculations were made with the respective kij
parameter listed in Table 2.3. Symbols are experimental data taken from the literature.46
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Figure 2.8. Predictions of the second osmotic virial coefficient as a function of reciprocal
temperature for a binary mixture of PS (Mw/Mn < 1.1) with cyclohexane at several polymer
molecular weights. Solid lines are PC-SAFT predictions. Dotted lines are SL predictions.
Calculations were performed with the corresponding kij parameter reported in Table 2.3. Symbols
are experimental data taken from the literature.46
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The pressure dependence of A2 is shown in Figure 2.9 for the system PS (Mw =
100 kg/mol and Mw/Mn < 1.3)/cyclohexane97 at three different pressures. Calculations
were performed with the corresponding kij parameter shown in Table 2.3. The results
obtained from both models are in reasonable agreement with the experimental values. It
can be observed that the theoretical results predict qualitatively the increase of A2 with
increasing pressure. In general, the results obtained for A2 agree reasonably well with the
experimental data, demonstrating that the PC-SAFT and SL are able to represent
satisfactorily the polymer molecular weight, temperature and pressure dependences of A2
for the systems analyzed.
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Figure 2.9. Theoretical results for the second osmotic virial coefficient as a function of reciprocal
temperature for a binary mixture of PS (Mw = 100 kg/mol and Mw/Mn < 1.1) with cyclohexane at
the indicated pressures. Solid lines are PC-SAFT predictions. Dotted lines are SL predictions.
Calculations were made with the respective kij parameter listed in Table 2.3. Symbols are
experimental data taken from the literature.97
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2.4 Conclusions
We have presented here the application of the PC-SAFT model for the prediction
of the polymer-solvent interaction parameter χ and second osmotic virial coefficient A2
for several polymer solutions. Calculations have been performed for binary mixtures of
polyethylene, polypropylene, polyisobutylene, poly(dimethyl siloxane) and polystyrene
(nonassociating polymers), poly(butyl methacrylate) and poly(vinyl acetate) (polar
polymers), and poly(ethylene glycol) (associating polymer) with different associating and
polar solvents as well as nonassociating solvents. We have calculated χ and A2 values as
a function of the temperature, pressure, polymer volume fraction and polymer molecular
weight and compared with experimental data and also with predictions from the SL
model. The PC-SAFT and SL (SLHB where appropriate) predictions are capable of
capturing the behavior shown by the experimental data of both χ and A2. When compared
with the SL results, those of PC-SAFT are found to be more accurate for the studied
binary mixtures. These results demonstrate the reliability of the PC-SAFT EoS as
predictive model in describing thermodynamic properties of polymer solutions. The
results obtained in this work encourage us to develop a parameterization scheme based on
the χ parameter that allows for the estimation of the PC-SAFT molecular parameters for
polymers. Its feasibility and consequences are currently under investigation.
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Chapter 3
A New Strategy for the Estimation of the PC-SAFT
Parameters for Polymers

In this chapter a parameterization strategy that allows the estimation of polymer
molecular parameters from a pre-defined set of macroscopic properties is presented. The
parameterization scheme has been developed in terms of the polymer-solvent interaction
parameter (χ) and the Hildebrand parameter, which are readily available in the literature
for a large variety of solvents and polymers. In this way neither extensive experimental
data nor complex optimization schemes are necessary. The proposed parameterization
strategy is demonstrated by reference to the PC-SAFT equation of state, but can be
applied to any molecular-based model. The polymers investigated in this study include
polyisobutylene, polyethylene, polypropylene and polystyrene as well as polybutene,
polyisoprene and polybutadiene which were used to investigate the predictive capacity of
the parameterization strategy presented in this work. The solvents studied include
nonassociating compounds such as n-alkanes, polar compounds such as ethers, esters and
ketones, and associating compounds such as alcohols. Phase equilibria calculations of
binary and ternary polymer solutions are made to evaluate the performance of the PCSAFT model using polymer molecular parameters calculated from the proposed
parameterization strategy. The results obtained are in agreement with the available
experimental data for most studied systems, demonstrating the reliability of the
parameterization scheme developed in this work.
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3.1 Introduction
Knowledge of thermodynamic properties and phase equilibria behavior of
polymer systems plays a fundamental role in the design and operation of equipment used
in polymer processing and manufacturing. For instance, swelling and sorption are key
factors for high-pressure applications,1 as is the solubility of the polymer and solvent for
the optimal design of drying and devolatilization processes. Moreover, the use of
polymeric membranes for separation of gases2 has become extremely important not only
for the hydrogen economy but for the sequestration of greenhouse gases as well. Hence,
the improvement of polymer-based processes relies on the fundamental understanding of
the phase behavior of polymeric solutions.
The phase equilibria behavior of polymer solutions depends strongly on both freevolume and energetic interactions between the constituents. With decreasing temperature
at constant pressure, polymer solutions exhibit a region of liquid-liquid demixing that is
often referred to as the upper critical solution temperature (UCST), which is due mostly
to large differences in interaction energies between polymer and solvent molecules. On
the other hand, with increasing temperature at constant pressure, particularly close to the
critical temperature of the solvent, polymer solutions exhibit a different region of limited
miscibility that is usually referred to as the lower critical solution temperature (LCST),
which is due mostly to large differences in free-volume between polymer and solvent
molecules.3 For temperatures between the UCST and LCST the polymer solution is
completely miscible.
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Experimental phase equilibria data are often limited for complex polymer systems
due to technical challenges, as well as economic and time restrictions.4 Hence, it has been
necessary to develop realistic theoretical models capable of predicting thermodynamic
and phase equilibria properties of polymer systems. Three types of models have been
proposed for the description of phase behavior of polymer systems: activity coefficient
models (polymer NRTL5 and UNIFAC-FV6), lattice models (Flory-Huggins7-11) and
equations of state (Sanchez-Lacombe,12,13 polymer-SRK14 and SAFT15,16). The SanchezLacombe12,13 (SL) approach is one of the most widely used lattice models because of its
simplicity when compared to other models. This approach was derived from lattice
theory, incorporating holes in the lattice, which provided a density and pressure
dependence.
Among models based on equations of state (EoS), those developed within the
framework of the thermodynamic perturbation theory have received increasing attention
because of their predictive power. In particular, the statistical associating fluid theory15,16
(SAFT) was specifically developed to treat systems containing not only chain-like
molecules but also associating fluids. The most widely used versions of the SAFT EoS
are the so-called soft-SAFT,17,18 the variable-range SAFT-VR19,20 and the perturbed-chain
PC-SAFT21,22 models. The differences among these versions come mainly from the
choice of the reference system. The soft-SAFT approach uses a Lennard–Jones fluid as
the reference term, whereas the SAFT-VR model employs an attractive potential of
variable range (square-well, Sutherland, Yukawa and Mie m-n). In the case of the PCSAFT, a hard-sphere chain fluid is used as the reference system. This model has been
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used to represent thermodynamic properties and phase equilibria behavior of a variety of
polymer and copolymer systems.22-26
However, the modeling of phase behavior of polymer solutions using SAFT-type
equations presents two main independent difficulties: (i) the determination of polymer
molecular parameters from traditional methods (fitting to vapor pressures and liquid
densities data) is not possible as polymers have no detectable vapor pressure and (ii)
numerical problems due mostly to large differences in size between polymer and solvent
molecules. The later has been addressed recently for the computation of phase equilibria
by von Solms et al.27 For the former, it has been shown that if pure-polymer parameters
are adjusted only to liquid density data, a poor description of the phase equilibria for the
polymer solutions is obtained.22,28 Three different approaches have been proposed so far
to circumvent the difficulties in the estimation of pure-polymer parameters: the group
contribution method,29,30 the use of binary data22,24,28 and the use of extrapolating
equations.31-33 Lora et al.29 have applied a group contribution method to calculate purepolymer parameters for the SAFT version of Huang and Radosz.34 Unfortunately, the
energy parameter could not be determined using the group contribution concept because
it varies in a nonlinear manner with respect to the structure of the repeating unit.
Alternatively, polymer parameters can be obtained by simultaneously regressing
polymer liquid density and binary mixture data as proposed by Gross and Sadowski22and
Tumakaka et al.24 for the PC-SAFT model. However, polymer parameters determined in
this way may be appropriate only for the binary system chosen for regression and thus
may not be transferable to other systems with solvents that differ significantly at the
molecular level. In this context, Kouskoumvekaki et al.31 have found that PC-SAFT
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parameters for polystyrene, for example, depend significantly on the binary data sets
utilized in the fitting procedure. On the other hand, parameters for polymers can also be
calculated from extrapolating equations, developed from the series of low molecular
weight compounds. This approach has been mainly applied to obtain parameters for
polyethylene for the PC-SAFT,21 SAFT-VR32 and soft-SAFT33 models. However, these
extrapolating equations are limited only to those polymers with a series of low molecular
weight compounds available.22
In addition to the limitations mentioned above, all three approaches described to
estimate polymer parameters present two further drawbacks: (i) extensive experimental
data are needed to obtain reasonable parameters and (ii) a complex search algorithm is
required to minimize the desired objective function. Consequently, the main goal of this
work is to develop a parameterization strategy that allows to obtain polymer molecular
parameters from a pre-defined set of macroscopic properties for these EoS. In this way,
the specification of these macroscopic properties yields a set of polymer parameters that
are suitable for the description of thermodynamic properties and phase behavior of
polymer solutions. Therefore, it is not necessary to fit the molecular parameters to
extensive experimental data, because as shown below the parameters obtained are fully
equivalent to those generated from wide-range experimental data and complex
minimization techniques. The predictive capacity of the parameterization strategy is
evaluated by determining polymer parameters that have not been reported previously in
the literature. The parameterization scheme is demonstrated by reference to the PC-SAFT
approach, but can be applied to any molecular-based model.
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3.2 Model Description
The PC-SAFT EoS proposed by Gross and Sadowski21,22 assumes molecules to be
chains formed by m spherical segments of identical diameter σ, and characteristic energy

ε/k. The residual Helmholtz free energy, aRES, is of the form:
a

RES

A RES
≡
= a REF + a CHAIN + a DISP + a ASSOC + a DIPOLAR
NkT

(3.1)

where aREF is the contribution of the hard-sphere chain reference system, aCHAIN is the
additional Helmholtz energy due to the formation of chains, aDISP is the dispersion
contribution, aASSOC is the contribution due to the effect of molecular association and
aDIPOLAR represents the Helmholtz free energy due to the dipolar-dipolar interactions, N is

the number of molecules, k is the Boltzmann constant, and T is the temperature. The
hard-sphere chain reference term is given by
3
⎤
⎡⎛ ξ 3
⎞
3ξ1ξ 2
ξ2
a REF = m ⎢⎜⎜ 2 2 − ξ 0 ⎟⎟ ln(1 − ξ 3 ) +
+
⎥
ξ 0 ⎢⎝ ξ 3
(1 − ξ 3 ) ξ 3 (1 − ξ 3 ) 2 ⎥
⎠
⎦
⎣

(3.2)

where ξ n = (π/6) ρ∑i xi mi d i with d i = σ i [1 − 0.12 exp(−3ε i /kT )] and m = ∑i xi mi . The
n

chain term is written as
n

a CHAIN = ∑ xi (1 − mi ) ln g iiHS (σ ii )

(3.3)

i =1

HS

where g ii is the radial distribution function of the hard-sphere fluid. The dispersion
contribution to the Helmholtz free energy is given by
a DISP = a1DISP + a 2DISP

(3.4)
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where
n
n
⎛ ε ij ⎞ 3
a1DISP = −2πρI 1DISP (ξ 3,m )∑∑ xi x j mi m j ⎜⎜ ⎟⎟σ ij
i =1 j =1
⎝ kT ⎠

a

DISP
2

= −πρm C I

DISP
1 2

(3.5)

2

⎛ ε ij ⎞
3
(ξ 3 ,m )∑∑ xi x j mi m j ⎜⎜ ⎟⎟ σ ij
kT
i =1 j =1
⎝ ⎠
n

n

(3.6)

where ε ij = (1 − k ij ) ε i ε j is the interaction energy between a molecule of type i and a
molecule of type j, kij is the binary interaction parameter and σ ij = (σ i + σ j )/2 is the
temperature-independent diameter between a molecule of type i and one of type j.
disp
disp
Expressions and definitions for C1, I1 , and I 2 as well as for association (aASSOC) and

dipolar (aDIPOLAR) terms can be found in the original publications.21,25,35

3.3 Parameterization Strategy
Many studies have explored the possibility and consequences of relating the
parameters of molecular-based models to the macroscopic properties of a given fluid.36-40
In particular, these parameterization schemes have been based on the critical temperature
and pressure, and acentric factor of pure fluids. While these properties are broadly
available for low molecular weight components, they are unknown for polymers. It has
been previously observed that to adequately describe the phase behavior of polymer
solutions using the SAFT approach, it may be necessary to include binary mixture data in
the fitting procedure of polymer parameters.22,24,28 Therefore, it is reasonable to propose a
parameterization scheme based on macroscopic properties that account explicitly for
interactions between polymer and solvent molecules. In this context, the selection of the
polymer-solvent interaction parameter (χ ) and Hildebrand solubility parameters for the
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polymer (δP) and solvent (δS) as properties for a first parameterization strategy is
particularly convenient since these thermodynamic properties describe the molecular
nature and extent of the polymer-solvent interactions. Another main advantage of this
parameterization strategy is the fact that these properties are readily reported in the
literature for a large number of polymers and solvents. Compilations of χ are available
for polymer solutions41-43as well as of δ for solvents and polymers.43,44
In chapter 2, we have presented the performance of the PC-SAFT EoS in
predicting the χ parameter and second osmotic virial coefficient (A2) for polyethylene
(PE), polystyrene (PS), polypropylene (PP), polyisobutylene (PIB), poly(dimethyl
siloxane) (PDMS), poly(butyl methacrylate) (PBMA), poly(vinyl acetate) (PVAC) and
poly(ethylene glycol) (PEG) in binary mixtures with several solvents including
nonassociating compounds such as n-alkanes, polar compounds such as ethers, esters and
ketones, and associating compounds such as alcohols. We have calculated χ and A2
values as a function of the temperature, pressure, polymer volume fraction, and polymer
molecular weight and compared with experimental data and also with predictions from
the SL model. The predictions obtained from the investigated models were found to be in
reasonable agreement with the experimental values. Based on these results, we have then
performed a further sensitivity analysis (not shown) to investigate the effect of varying
the polymer parameters on the prediction of the corresponding χ and δP parameters for
PE, PP, PIB and PS in binary mixtures with nonassociating and polar solvents as well as
associating solvents over a wide range of temperature, pressure, volume fraction, and
molecular weight of the polymer. The χ parameter can be calculated from the differences
between the chemical potential of the solvent in the binary mixture ( μ s ) and the chemical
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potential of the pure solvent ( μ s0 ) by χ = ( μ s − μ s0 )

R

RTφ P2 ,41,42 where R is the universal

gas constant, and φ P is the polymer volume fraction. Hildebrand solubility parameters for
polymers can be estimated from χ parameters through the Bristow-Watson equation:43

δ S2
RT

−

χ
vs

=

⎛δ 2 χ ⎞
2δ P
δ S − ⎜⎜ P + s ⎟⎟
RT
⎝ RT vs ⎠

(3.7)

where vs is the molar volume of the solvent and χs is the entropic part of χ. Since χ, vs
and δS are known, the value of δP can then be determined by linear regression of the lefthand side of Eq. (3.7) versus δS. In particular, our database included 30 different solvents
for each polymer (PE, PP, PIB and PS) resulting in approximately 120 polymeric systems
studied during sensitivity analysis. These polymers have been chosen because extensive
experimental information is available for them. Only experimental data obtained from
polymer samples with a relatively low polydispersity index (Mw/Mn < 1.3) have been
included in the sensitivity analysis performed in this work. Molecular parameters (m/M, σ
and ε/k) were varied individually in order to determine their influence on calculated χ and

δP values. Subsequently, we have evaluated several functional expressions for describing
the relationship between molecular parameters and investigated macroscopic properties.
The selection of polynomial functions was made to employ simple but accurate formulas
in the application of the parameterization strategy. The resulting expressions for PCSAFT polymer parameters in terms of χ, δP and δS have the following form:
ε/k =

σ=

18.373χ + 26.321
+ 14.325δ P + 2.061χ + 3.205 δ S
χ − 9.312

20.021χ + 2.590
0.4
0.4
+ 0.924δ P + 1.767χ + 0.453δ S
χ − 12.489

(3.8)

(3.9)
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m σ 3 = 5.0537 − 0.2078δ
P
Mw

(3.10)

where Mw is the polymer weight average molecular weight. The units of σ, ε/k, δ and Mw
are Å, K, MPa0.5 and g/mol, respectively. The χ parameter is dimensionless. These
expressions are valid for 0 ≤ χ ≤ 1.4 , which covers a significant portion of the range of
reported values for this parameter.41-43 Additionally, only values of δP and δS obtained at
298K must be used. The proposed parameterization scheme allows for the calculation of
the PC-SAFT polymer parameters from a pre-defined set of macroscopic properties. All
that is required is the specification of χ, δS and δP, which are widely available for an
extensive variety of solvents and polymers.41-44 In this way neither extensive
experimental data nor complex optimization methods are necessary. Although the
parameterization scheme has been developed considering polymer solutions of PIB, PE,
PP and PS, it can be used with confidence to predict molecular parameters for other
similar polymers such as polybutene (PB), polybutadiene (PBD) and polyisoprene (PiP)
as shown below, demonstrating the potential and applicability of the proposed approach.
The performance of the parameterization strategy was investigated through phase
equilibria calculations of several polymer solutions. The results obtained are discussed in
the following section.

3.4 Results and Discussion
The performance of the proposed parameterization scheme was tested by
modeling phase equilibria of various polymer solutions exhibiting UCST- and LCST-type
behaviors. Comparison is made with available experimental data and also with
predictions of the PC-SAFT EoS using the parameters recommended by Gross and
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Sadowski.22 The polymers studied include PIB, PE, PP, PS, PBD, PiP and PB. The
solvents investigated include nonassociating compounds such as n-alkanes, polar
compounds such as ethers, esters and ketones, and associating compounds such as
alcohols. Some of the calculations were performed using the VLXE Thermodynamic
Software.45 The Hildebrand and polymer-solvent parameters used on calculations are
listed in Table 3.1 for completeness. The molecular parameters of the PC-SAFT EoS for
the solvents used in this work are compiled in Table 3.2. Finally, the PC-SAFT polymer
parameters can be obtained from Eqs. (3.8)-(3.10) as described in section 3.3.
The kij parameter is usually employed to obtain a better description of the
experimental binary mixture data. However, the expected range for this parameter should
be approximately ±0.15.46 Greater values of kij may suggest that the thermodynamic
model used presents some limitations for describing the system under investigation. In
this work, all of the values for the kij parameters are within the expected range when
using PC-SAFT with polymer parameters computed from the proposed parameterization
strategy. The optimized kij values for all the systems studied are collected in Table 3.3.
Predictions of cloud-point curves at constant composition of polyisobutylene (Mw
= 1660 kg/mol and Mw/Mn < 1.2) in binary mixtures with n-butane, n-pentane, n-hexane
and iso-pentane are shown in Figure 3.1a along with the experimental data reported by
Zeman et al.47 Calculations were performed using kij = 0. It can be seen that PC-SAFT
predictions using polymer parameters calculated from the proposed parameterization
scheme are in very good agreement with the experimental data as well as those obtained
with the parameters recommended by Gross and Sadowski,22 which were determined by
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Table 3.1. Hildebrand and polymer-solvent parameters of polymers and solvents studied in this
work.
compound

δ (MPa0.5)a

χ

T (C)

φP

ref.

43
polyisobutylene
16.40
43
n-butane
13.90
0.66
25-46
1.0
41
n-pentane
14.30
0.57
40
0.4
41
iso-pentane
15.20
0.65
25-35
0.8
41
n-hexane
14.90
0.65
25
1.0
41
n-octane
15.60
0.44
25
0.2
43
diisobutyl ketone
15.95
0.50
45
0.4
43
polyethylene
16.20
43
n-pentane
14.90
0.50
80
0.8
43
n-hexane
14.90
0.70
30
1.0
41
n-butyl acetate
17.40
0.50
70
0.6
41
1-pentanol
22.70
1.02
165
1.0
41
1-hexanol
22.00
1.17
145
1.0
41
1-heptanol
21.50
1.11
145
1.0
41
1-octanol
21.10
1.08
145
1.0
41
1-nonanol
20.80
0.92
145
1.0
43
polypropylene
15.90
41
propane
13.10
0.46
100
1.0
43
diethyl ether
15.10
0.50
35
0.4
43
diisobutyl ketone
15.95
0.40
25
0.2
43
polystyrene
18.00
41
propane
13.10
0.62
30
0.3
41
cyclohexane
16.80
0.77
15
0.5
41
methyl cyclohexane
17.00
0.49
72
0.0
41
n-butyl acetate
18.14
0.50
65
0.4
43
polybutadiene
16.20
42
ethyl benzene
18.00
0.31
80
0.6
41
n-propyl acetate
18.14
0.55
100
1.0
43
polyisoprene
16.60
41
propane
13.10
0.60
35
0.8
41
n-heptane
15.10
0.50
25-55
1.0
43
polybutene
16.10
41
1-octanol
21.10
1.01
165
0.8
a
Hildebrand parameters of solvents (taken from ref. 44) and polymers are given at 298 K.
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Table 3.2. Molecular parameters of the PC-SAFT model for solvents investigated in this work.

σ (Å)

ε/k (K)

propane
2.0020 3.6184
n-butane
2.3316 3.7086
n-pentane
2.6896 3.7729
iso-pentane
2.5620 3.8296
n-hexane
3.0576 3.7983
n-heptane
3.4831 3.8049
n-octane
3.8176 3.8373
ethyl benzene
3.0799 3.7974
cyclohexane
2.5303 3.8499
methyl cyclohexane 2.6637 3.9993
carbon dioxide
2.0729 2.7852
diisobutyl ketone
4.6179 3.7032
diethyl ether
2.8787 3.5549
n-propyl acetate
3.1606 3.6866
n-butyl acetate
3.6600 3.6751
1-pentanol
3.6260 3.4508
1-hexanol
3.5146 3.6735
1-heptanol
4.3985 3.5450
1-octanol
4.3555 3.7145
1-nonanol
4.6839 3.7292

208.11
222.88
231.20
230.75
236.77
238.40
242.78
287.35
278.11
282.33
169.21
243.72
220.59
238.87
237.43
247.28
262.32
253.46
262.74
263.64

compound

m

ε

AiBj

/k (K)

κ

AiBj

xp

μ (D) ref.
21
21
21
21
21
21
21
21
21
21
21

0.1254
0.3474
0.4746
0.4098
2252.1
2538.9
2878.5
2754.8
2941.9

0.010319
0.005747
0.001155
0.002197
0.001427

2.70
1.20
1.86
1.86

48
48
48
48
35
35
35
35
35
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Table 3.3. Binary interaction kij parameters of the PC-SAFT model for the systems studied when
using polymer parameters obtained from the proposed parameterization strategy.
system
PIB/n-butane
PIB/n-pentane
PIB/iso-pentane
PIB/n-hexane
PIB/n-octane
PIB/n-hexane
PIB/diisobutyl ketone
PIB/diisobutyl ketone
PIB/diisobutyl ketone
PE/n-pentane
PE/n-hexane
PE/n-butyl acetate
PE/1-pentanol
PE/1-hexanol
PE/1-heptanol
PE/1-octanol
PE/1-nonanol
PP/diethyl ether
PP/diisobutyl ketone
PP/propane
PS/methyl cyclohexane
PS/n-butyl acetate
PS/cyclohexane
PS/propane
PS/carbon dioxide
PBD/ethyl benzene
PBD/n-propyl acetate
PiP/propane
PiP/n-heptane
PB/1-octanol

Mw (kg/mol)

equilibrium

kij

1660
1660
1660
1660
72
72
22.7
285
6000
41.7
108
13.6, 64
20
20
20
20
20
28.7, 64, 83.5
20
290
405
500
101.4
101.4
101.4
200
61, 131
10.1
780
30.7

LLE
LLE
LLE
LLE
LLE (LCST)
LLE (LCST)
LLE (UCST)
LLE (UCST)
LLE (UCST)
LLE (UCST)
LLE (UCST)
LLE (UCST, LCST)
LLE (UCST)
LLE (UCST)
LLE (UCST)
LLE (UCST)
LLE (UCST)
LLE (LCST)
LLE
LLE (UCST)
LLE (UCST, LCST)
LLE
LLE
LLE
VLE
VLE
LLE (UCST)
LLE
LLE (LCST)
LLE (UCST)

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0105
0.0108
0.0113
0.0059
0.0050
0.0270
0.0155
0.0063
0.0120
0.0050
0.0039
0.0050
0.0000
-0.0400
0.0083
-0.0250
0.0153
0.0000
0.1810
0.0000
0.0141
0.0000
0.0000
-0.0042
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Figure 3.1. Cloud-point curves for the systems: (a) PIB (Mw = 1660 kg/mol, Mw/Mn < 1.2) in binary mixtures with n-butane (wPIB = 4.66%), npentane (wPIB = 2.20%), n-hexane (wPIB = 2.04%) and iso-pentane (wPIB = 2.20%), and (b) PIB (Mw = 72 kg/mol, Mw/Mn < 1.1) in binary mixtures
with n-octane and n-hexane at a pressure of 160 kPa. Solid lines are PC-SAFT predictions using polymer parameters determined in this work (kij =
0). Dotted lines represent PC-SAFT predictions with parameters recommended by Gross and Sadowski.22 Symbols are experimental data taken
from the literature.47,49
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fitting to cloud point data of a mixture of PIB and n-butane. However, the advantage of
using the parameterization developed in this work is that it only requires the specification
of χ and δ to obtain the polymer parameters, eliminating the necessity of extensive
experimental data and complex search methods. In Figure 3.1b, predictions of liquidliquid equilibria of binary mixtures of polyisobutylene (Mw = 72 kg/mol and Mw/Mn <
1.1) with n-hexane and n-octane at a pressure of 160 kPa are presented together with the
experimental results published by Liddell and Swinton.49 Calculations have been made
with kij = 0. It can clearly be seen that polymer parameters computed from the approach
proposed in this work provide a better description of the phase behavior of the mixtures
studied.
In Figure 3.2a modeling results for liquid-liquid equilibria of the system
polyethylene (Mw = 41.7 kg/mol and Mw/Mn = 2.00) with n-pentane at three different
temperatures are compared with experimental data published by Yeo et al.50 Calculations
were made using polymer parameters determined in this work. Two comparisons were
performed: in the first case, the results were obtained with kij = 0, while in the second
case the kij parameter was adjusted to the experimental data at 423 K. The molecular
weight distribution of this polymer was modeled using five pseudocomponents which
were determined according to the algorithm suggested by Tork et al.51 (see Table 3.4). It
can be seen that theoretical results are in reasonable agreement with the experimental
values trend, particularly considering that the same kij value (kij = 0.00595) was used for
all three temperatures. It can also be observed that the phase diagram is underestimated
by PC-SAFT predictions when performing in predictive manner (kij = 0). However, the
PC-SAFT model is able to capture the UCST increase as the temperature increases.
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Figure 3.2. Phase behavior description of: (a) PE (Mw = 41.7 kg/mol and Mw/Mn = 2.00) and n-pentane at indicated temperatures, (b) PE (Mw = 20
kg/mol and Mw/Mn < 1.2) in binary mixtures with alcohols at a pressure of 1 MPa. Calculations were performed with polymer parameters obtained
in this work. Solid lines are PC-SAFT correlations with kij fitted to experimental data. Dotted-dashed lines correspond to PC-SAFT predictions
with kij = 0. Symbols represent experimental data taken from the literature.50,52 The polymer was modeled using five pseudocomponents (see Table
3.4), for the system PE/n-pentane.
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Table 3.4. Pseudocomponents determined from the experimental Mw and Mn values for modeling
the molecular weight distribution of PE with n-pentane displayed in Figure 3.2a.
pseudocomponent
mass fraction of
mol wt Mi
pseudocomponent wpi
[g/mol]
i
1
0.075974
5511.862
2
0.180431
11835.07
3
0.300710
25412.26
4
0.327257
54565.19
5
0.115628
117162.4

Table 3.5. Pseudocomponents determined from the experimental Mw and Mn values for modeling
the molecular weight distribution of PP with propane presented in Figure 3.3b.
pseudocomponent
mass fraction of
mol wt Mi
pseudocomponent wpi
[g/mol]
i
1
0.508438
35760.84
2
0.479290
504683.77
3
0.012272
2438722.87
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The use of associating solvents introduces extra complexity to the system under
consideration. To evaluate the performance of the parameterization strategy in modeling
polymer solutions with associating solvents, we have calculated the phase equilibria of
PE (Mw = 20 kg/mol and Mw/Mn < 1.2) in binary mixtures with different alcohols (from 1pentanol to 1-nonanol). The results obtained are shown in Figure 3.2b together with the
experimental data taken from Nakajima et al.52 The PC-SAFT model provides a
reasonable description of the phase behavior of the mixtures studied using polymer
parameters computed from the proposed parameterization strategy, which only requires
the specification of χ and δ as well as kij.
Modeling results for the vapor-liquid equilibria of polypropylene (Mw = 20 kg/mol
and, Mw/Mn < 1.2) with diisopropyl ketone at 318 K are shown in Figure 3.3a along with
the experimental data reported by Brown et al.53 Results were obtained using kij = 0. A
better agreement with the experimental data is obtained when polymer parameters
determined from Eqs. (3.8)-(3.10) are used. In Figure 3.3b, predictions of the system
polypropylene (Mw = 290 kg/mol and Mw/Mn < 4.4) with propane at three temperatures
are compared with experimental data54 and also with the predictions obtained using the
Gross and Sadowski parameters.22 The molecular weight distribution of this polymer was
modeled using three pseudocomponents (see Table 3.5). Calculations were performed
using the same kij parameter for all temperatures. The results obtained with parameters
determined in this work represent well the subcritical region but overestimate the UCST,
whereas the results obtained using parameters suggested in the literature22 describe well
the UCST but overestimate the subcritical region.
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Figure 3.3. Phase equilibria description for the systems: (a) PP (Mw = 20 kg/mol and Mw/Mn < 1.2) with diisopropyl ketone at 318 K, and (b) PP
(Mw = 290 kg/mol and Mw/Mn < 4.4) with propane at indicated temperatures. Solid lines are PC-SAFT results with kij fitted to the experimental
data, whereas dotted-dashed lines are PC-SAFT predictions with kij = 0, both of them using polymer parameters computed from Eqs. (3.8)-(3.10).
Dotted lines represent PC-SAFT predictions with parameters recommended by Gross and Sadowski.22 Symbols represent experimental data taken
from the literature.53,54 The polymer was modeled using three pseudocomponents (see Table 3.5), for the system PP/propane.
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In addition to binary mixtures with only an UCST or a LCST, it is also of interest
to describe systems with two (LCST and UCST) critical temperatures. Predictions of the
liquid-liquid phase equilibria for a mixture of polystyrene (Mw = 405 kg/mol and Mw/Mn =
1.8) and methyl cyclohexane are shown in Figure 3.4a together with experimental data
published by Enders and de Loos.55 The polydispersity of this polymer was modeled
using nine pseudocomponents (see Table 3.5). Results with kij = 0 are also included for
comparison. Predictions using parameters estimated in this work describe reasonably well
the simultaneous existence of both an UCST and a LCST with the same kij parameter for
both pressures.
In Figure 3.4b, phase equilibria of ternary system PS (Mw= 101.4kg/mol, Mw/Mn =
1.09)/cyclohexane/propane is shown along with the experimental values reported in the
literature.56 In the case of ternary systems, Eqs. (3.8)-(3.10) can be used to calculate
polymer parameters using the experimental information (δS and χ) corresponding to the
solvent with the higher concentration (cyclohexane for the system under investigation). It
can be seen that the parameterization strategy gives a good description of the
experimental phase diagram. The ternary diagram for PS (Mw = 101.4 kg/mol, Mw/Mn =
1.09)/ cyclohexane/carbon dioxide system at 443 K and 10.1 MPa56 is shown in Figure
3.4c. Calculations were performed using the same set of polymer parameters as those in
Figure 3.4b, confirming the transferability of the molecular parameters obtained from the
parameterization strategy proposed in this work. The addition of carbon dioxide promotes
a liquid-liquid demixing which boundaries a vapor-liquid-liquid region. The liquid-liquid
demixing is predicted somewhat too narrow in concentration. However, in general, the
calculated values are in reasonable agreement with the experimental data;
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Figure 3.4. Theoretical results for the phase equilibria of: (a) PS (Mw = 405 kg/mol, Mw/Mn = 1.8)
with methyl cyclohexane at pressures of 2 and 5 MPa, (b) PS (Mw = 101.4 kg/mol, Mw/Mn = 1.09)
with cyclohexane and propane, and (c) PS (Mw = 101.4 kg/mol, Mw/Mn = 1.09) with carbon
dioxide and cyclohexane at 443 K and 10.1 MPa. Calculations were made with polymer
molecular parameters determined from Eqs. (3.8)-(3.10) in this work. Solid lines are PC-SAFT
correlations using kij fitted to experimental data. Dotted-dashed lines are PC-SAFT predictions
with kij = 0. Dotted lines represent the tie lines. Symbols are experimental data reported in the
literature.55,56 The polymer was modeled using nine pseudocomponents (see Table 3.6), for the
system PS/ methyl cyclohexane.
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indicating that the approach developed in this work provides sets of polymer parameters
that yield satisfactory results modeling both binary and ternary polymer solutions
exhibiting UCST- and LCST-phase behavior as well as UCST-LCST behavior.
We have also evaluated the capacity of the parameterization strategy for
predicting sets of molecular parameters for polymers not included in the parametric
studies. We have chosen for that purpose binary solutions of polybutadiene, polyisoprene
and polybutene. To the best of our knowledge, PC-SAFT molecular parameters for
polyisoprene and polybutadiene have not been reported in the literature. These
parameters can now be easily obtained from the propose parameterization strategy [Eqs.
(3.8)-(3.10)]. The results are discussed below.
Predictions of vapor-liquid equilibria for a mixture of polybutadiene (Mw = 200
kg/mol and Mw/Mn < 1.2) with ethyl benzene at three different temperatures are presented
in Figure 3.5a together with experimental data reported in the literature.4 Results have
been obtained using kij = 0. It can be seen that PC-SAFT predictions with parameters
determined in this study are in excellent agreement with the experimental cloud-point
data. In Figure 3.5b predictions of the phase behavior for PBD (Mw = 61 and 131 kg/mol,
Mw/Mn < 1.1) in a binary mixture with n-propyl acetate are compared to the experimental
data reported by Lee and Park.57 As can be observed, PC-SAFT predictions with kij = 0
underestimate the UCST of the studied mixture, but they are capable of capturing the
UCST decrease as the polymer molecular weight decreases. A better representation of
experimental could-point curves is obtained when a kij = 0.0141 is used for both polymer
molecular weights.
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Figure 3.5. Representation of the phase equilibria behavior for: (a) PBD (Mw = 200 kg/mol, Mw/Mn < 1.2) with ethyl benzene at three different
temperatures, and (b) PBD (Mw = 61 and 131 kg/mol, Mw/Mn < 1.1) with n-propyl acetate at a constant pressure of 0.1 MPa. Calculations were
made using polymer parameters calculated from the parameterization scheme developed in this work. Solid lines represent PC-SAFT correlations
with kij fitted to the experimental data. Dotted-dashed lines are PC-SAFT predictions using kij = 0. Symbols correspond to experimental data
reported in the literature.4,57
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In Figure 3.6a the liquid-liquid equilibrium for a binary mixture of polyisoprene
(Mw = 780 kg/mol and Mw/Mn = 1.82) with n-heptane is compared with the experimental
values reported by Bohossian et al.58 The polymer was modeled using seven
pseudocomponents (see Table 3.7). It can be observed that PC-SAFT predictions yield a
reasonable prediction of the LCST curve when using polymer parameters estimated from
the parameterization scheme.
Predictions of the phase behavior of polybutene (Mw = 30.7 kg/mol and Mw/Mn =
1.83) with 1-octanol are shown in Figure 3.6b together with the experimental data
published by Kozlowska et al.59 The molecular weight distribution of this polymer was
modeled using seven pseudocomponents (see Table 3.8). It can be seen that the results
obtained using a kij = 0 overestimate the experimental phase behavior. A more accurate
description of the experimental data trend is achieved by the PC-SAFT EoS when a kij = 0.004175 is used. All of the results obtained above demonstrate the reliability of the
proposed parameterization strategy for the prediction of polymer parameters sets that
provide an adequate representation of polymer solutions phase behavior.
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Figure 3.6. Modeling results of liquid-liquid equilibria for the system: (a) PiP (Mw = 780 kg/mol, Mw/Mn = 1.82) with n-heptane at 4 MPa, and (b)
PB (Mw = 30.7 kg/mol and Mw/Mn = 1.83) with 1-octanol at 0.1 MPa. Calculations were performed with polymer parameters computed from the
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pseudocomponents (see Tables 3.7 and 3.8) in both systems.
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Table 3.6. Pseudocomponents determined from the experimental Mw and Mn values for modeling
the molecular weight distribution of PS with methyl cyclohexane shown in Figure 3.4a.
mol wt Mi
pseudocomponent
mass fraction of
[g/mol]
pseudocomponent wpi
i
1
0.00051
2000.00
2
0.00205
4900.54
3
0.00797
12007.63
4
0.02956
29421.90
5
0.09859
72091.53
6
0.25940
176643.56
7
0.40246
432824.04
8
0.19272
1060534.85
9
0.00674
2598594.45

Table 3.7. Pseudocomponents determined from the experimental Mw and Mn values for modeling
the molecular weight distribution of PiP with n-heptane presented in Figure 3.6a.
mol wt Mi
pseudocomponent
mass fraction of
[g/mol]
pseudocomponent wpi
i
1
0.003045
30000.0
2
0.018869
70376.8
3
0.095959
165096.4
4
0.322524
387298.3
5
0.455021
908560.3
6
0.104057
2131385
7
0.000525
5000000
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Table 3.8. Pseudocomponents determined from the experimental Mw and Mn values for modeling
the molecular weight distribution of PB with 1-octanol displayed in Figure 3.6b.
pseudocomponent
mass fraction of
mol wt Mi
[g/mol]
pseudocomponent wpi
i
1
0.00251
1000.0
2
0.01232
2236.1
3
0.05518
5000.0
4
0.19958
11180.3
5
0.43475
25000.0
6
0.28483
55901.7
7
0.01083
125000.0

84

3.5 Conclusions
We have presented a parameterization strategy that allows the calculation of
polymer molecular parameters from macroscopic properties of binary polymer solutions.
The proposed parameterization scheme is demonstrated by reference to the PC-SAFT
EoS, but can be applied to any molecular-based model. We have proposed as properties
the polymer-solvent interaction parameter and the Hildebrand parameters of the polymer
and solvent, which take into account explicitly the molecular interactions between
polymer and solvent molecules. These properties are readily available in the literature for
a wide variety of solvents and polymers. In this way neither extensive experimental data
nor complex minimization methods are necessary. Using polymer parameters calculated
from the proposed parameterization strategy, the PC-SAFT model could satisfactorily
predict the phase equilibria behavior of binary and ternary polymer solutions with
different solvents, including nonassociating compounds such as n-alkanes, polar
compounds such as ethers, esters and ketones, and associating compounds such as
alcohols. It should be noted that the values for the kij parameters, when required, were
within the expected range. We have examined the predictive capacity of the proposed
parameterization scheme by obtaining polymer parameters for polybutene, polyisoprene
and polybutadiene. The use of these parameters yield excellent predictions for the phase
equilibria of the polymer solution systems studied in this work. This demonstrates the
reliability of the approach developed in this work for the prediction of polymer
parameters that are suitable for the description of thermodynamic properties and phase
behavior of polymer solutions.
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Chapter 4
Parameterization Strategy for Obtaining the PC-SAFT
Parameters for Polar Polymers

In this chapter an extension of the parameterization strategy for determining PCSAFT parameters for polar polymers from macroscopic properties is presented. The
proposed approach was based on the polymer-solvent interaction parameter and the
Hildebrand parameter, which account explicitly for interactions between polymer and
solvent molecules. The polymers studied include poly(butyl methacrylate), poly(methyl
methacrylate), poly(vinyl acetate) and poly(vinyl methyl ether) as well as poly(vinyl
chloride), poly(vinylidene difluoride), and poly(vinyl ethyl ether), which were used to
test the predictive ability of the parameterization strategy developed in this work. The
solvents studied include nonassociating compounds such as n-alkanes, polar compounds
such as ethers, esters and ketones, and associating compounds such as alcohols. Phase
equilibria calculations, gas solubility and polymer swelling behavior of binary and
ternary polymer solutions were performed to assess the performance of the PC-SAFT
model using polymer parameters calculated from the proposed parameterization strategy.
The results obtained are in quantitatively agreement with the available experimental data
for most studied systems, confirming the applicability and potential of the proposed
parameterization scheme.
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4.1 Introduction
Phase separations and thermodynamic properties are important aspects in polymer
processing and production. Knowledge of phase behavior of polymer solutions and
thermodynamic and transport properties such as density, viscosity and thermal
conductivity are often needed for the detailed design and modeling of process equipments
such as extruders, striping and solvent recovery units.1 In addition, the evaluation of mass
and energy balances requires an understanding of several thermophysical properties, such
as enthalpy and heat capacity, required for the heat duty of a polymerization reactor and
separation units.2
The phase equilibria behavior of polymer solutions is not only a function of
temperature, pressure, and concentration, but also it depends on the molecular weight and
the molecular weight distribution of the polymer. The phase behavior is often mapped
onto the pressure-temperature coordinates and the resulting curves are referred to as
cloud-point curves. At low temperatures, polymer/solvent systems usually split into two
liquid phases: one very dilute solvent-rich phase and the other a more concentrated
polymer-rich phase. The maximum temperature at which the two liquid phases are
immiscible is referred to as the upper critical solution temperature (UCST). However, a
second liquid-liquid demixing occurs when increasing the temperature in the direction of
the critical point of the solvent. The lowest temperature at which the two-phase region
appears is called the lower critical solution temperature (LCST). Patterson3 showed that
differences in energetic interactions between the solvent and polymer result in UCST
phase separation and that differences in thermal expansion coefficients between the
solvent and polymer result in LCST phase separation.
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It is well know that the UCST demixing is only very slightly influenced by the
pressure of the system. This is not the case, however, for the LCST demixing which
exhibits much more marked pressure dependence. This is because the system pressure
affects directly the thermal coefficient difference between the solvent and polymer, which
causes the phase separation in this region. Therefore, in most cases, the polymer
solubility can be enhanced by raising the pressure in the system. As mentioned above, the
polymer solubility is strongly affected by the molecular weight and the molecular weight
distribution of the polymer. High molecular weight polymers exhibit much lower
solubilities than those of lower molecular weight or oligomers. Also, a polymer with a
very wide molecular weight distribution behaves similar to a system composed of short
and long polymer chains. Whereas the longer chains dissolve only slightly, the shorter
ones can act as co-solvents and therefore improve the solubility of the longer chains.
Thermodynamic modeling of phase diagrams for polymer solutions requires a
model that is able to account for the polymer chain-like structure, the polymer-solvent
interactions and the influence of pressure on the phase behavior. Whereas the first two
aspects can be at least qualitatively described using the Flory-Huggins lattice model,4-8
such an approach is unable to account for pressure effects in the system. For that purpose,
a thermodynamic model based on an equation of state (EoS) should be used.
Among models based on EoS those developed within the framework of the
thermodynamic perturbation theory have received increasing attention because of their
predictive capacity. In particular, the statistical associating fluid theory9,10 (SAFT) has
been applied to predict the effect of molecular weight, copolymerization, and hydrogen
bonding on the thermodynamic properties and phase behavior of complex fluids
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including solvents, monomers and polymer solutions and blends.11-16 Complete
description of these systems requires the estimation of molecular parameters which are
typically determined by simultaneously fitting to vapor pressure and density liquid data
for pure low molecular weight components. However, this common approach cannot be
applied to polymers as they have no measurable vapor pressure. Estimation of SAFT
polymer parameters based only on polymer liquid density data usually leads to poor
predictions of phase behavior for polymer solutions.13,17 There have been developed three
methods to calculate the SAFT polymer parameters, namely, the group contribution
approach,18-20 extrapolating correlations,21-23 and use of phase equilibria binary mixture
data.13,16,17 Besides the inherent limitations of each method (as discussed in Chapter 3),
all of them require both extensive experimental data to produce reasonable parameters,
and complex optimization techniques to minimize the desired objective function.
In Chapter 3, we proposed a parameterization strategy for obtaining the SAFT
parameters for pure polymers that requires only the specification of the polymer-solvent
interaction parameter and Hildebrand solubility parameters, which take into account
explicitly for the intermolecular interactions between polymer and solvent molecules. In
this way neither extensive experimental data nor complex minimization schemes are
necessary. The proposed parameterization strategy was demonstrated by reference to the
PC-SAFT EoS, but can be extended to other molecular-based models. Using polymer
parameters calculated from the proposed parameterization strategy, the PC-SAFT model
predicted the phase equilibria of binary and ternary polymer solutions (exhibiting UCSTand LCST-type behavior) with different solvents, including nonassociating components
such as n-alkanes, polar components such as ethers, esters and ketones, and associating
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components such as alcohols. We also evaluated the predictive capacity of the proposed
parameterization scheme by obtaining molecular parameters for polymers not included in
the parametric studies. The use of these parameters yielded excellent predictions for the
phase equilibria of the polymer solutions studied, demonstrating the reliability of the
approach developed for the prediction of polymer parameters that provide an appropriate
description of thermodynamic properties and phase behavior of polymer solutions.
Only nonassociating, nonpolar polymers were considered during developing the
parameterization scheme. In this section the parameterization strategy is extended to
polar polymers in the framework of PC-SAFT model.

4.2 Thermodynamic Modeling
In the PC-SAFT model, proposed by Gross and Sadowski,13,24 molecules (solvent
or polymer) are assumed to be chains of identical spherical segments. In this model, the
residual Helmholtz energy (Ares) is given by a sum of different contributions. Starting
from a reference system of hard chains (Aref), this model considers four perturbation
terms, which are assumed to affect independently: attractive interactions of non-bonded
segments (Adisp), formation of chains (Achain), association or aggregate formation (Aassoc),
and dipole-dipole interactions (Adipolar):
A res = A ref + A chain + A disp + A assoc + A dipolar

(4.1)

Expressions and definitions for each term were given previously in Chapter 3. In
this section the molecular model used for developing the dipolar contribution is covered
in more details. The dipolar term developed by Jog and Chapman25 on the basis of
Wertheim's TPT1 accounts explicitly for multiple dipolar functional groups and the
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nonspherical shape of the molecule. The dipolar contribution to the Helmholtz energy is
obtained by dissolving all of the bonds in a chain and then applying the u-expansion to
the resulting mixture of polar and nonpolar spherical segments. The dipolar term written
in the Padé approximation26 has the following form:
A dipolar =

A2dipolar
A dipolar
1 − 3dipolar
A2

(4.2)
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where I 2, ij and I 3, ijk are the angular pair and triplet correlation functions, ρ is the number
density of molecules, k is the Boltzmann constant, T is the temperature, xp is the fraction
of polar segments in the molecule, μ is the molecular dipole moment, and dij is the
average diameter of segments i and j. For pure polar components, the PC-SAFT model
requires four molecular parameters: the segment number m, the segment diameters σ, the
segment dispersion energy ε/k, and the fraction of polar segments in the chain xp. The
experimental value for the dipole moment of the molecule can be used for μ. For pure
low molecular weight components, these parameters are determined by simultaneously
fitting to vapor pressure and liquid density data.
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4.3 Parameterization Strategy
A sensitivity analysis was performed to determine the effect of changing the
polymer parameters on the prediction of the respective polymer-solvent interaction
parameter (χ ) and Hildebrand solubility parameters for the polymer (δP) and solvent (δS)
for poly(butyl methacrylate) (PBMA), poly(methyl methacrylate) (PMMA), poly(vinyl
acetate) (PVAC) and poly(vinyl methyl ether) (PVME) in binary mixtures with
nonassociating, polar and associating solvents over a wide range of temperature, pressure,
polymer volume fraction, and polymer molecular weight, according to the methodology
discussed early in Chapter 3. The database used during sensitivity analysis included
experimental data for 30 different solvents for each polymer (PBMA, PMMA, PVAC and
PVME). These polar polymers were selected mainly because extensive experimental data
are available for them. Only experimental results from monodispersed polymer samples
(Mw/Mn < 1.3) were considered in this work. Several expressions to represent the relation
between polymer parameters and χ and δP parameters were investigated. The same
functional form previously used in Chapter 3 for parameters ε/k, σ and m/M shown to
perform better than others, indicating that this may be the optimal functional form. The
PC-SAFT relations developed for polar polymers have the following form:
ε/k =

σ=

20.534χ + 9.878
+ 14.943δ P + 1.296χ + 1.025 δ S
χ − 19.426

21.462χ + 2.72
0.4
0.4
+ 0.757δ P + 2.087 χ + 0.476δ S
χ − 13.113

m 3
σ = 0.2018δ P − 2.5305
Mw

(4.5)

(4.6)

(4.7)
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x p = 0.0204δ P − 0.1240

(4.8)

where Mw is the weight-average molecular weight of the polymer. The units of σ, ε/k, δ
and Mw are Å, K, MPa0.5 and g/mol, respectively. The χ parameter and xp are
dimensionless. These correlations are valid for 0 ≤ χ ≤ 1.8 and values for δP and δS
reported at 298 K. Using these relations neither extensive experimental data nor complex
optimization methods are necessary to obtain the PC-SAFT parameters for polar
polymers. Even though the parameterization strategy was developed based on PBMA,
PMMA, PVAC and PVME, it can be applied to determine PC-SAFT parameters for other
polar polymers such as poly(vinyl chloride) (PVC), poly(vinylidene difluoride) PVDF,
and poly(vinyl ethyl ether) (PVEE) as shown below, validating the predictive capacity of
the proposed approach. The performance of PC-SAFT EoS using polymer parameters
computed from the parameterization strategy is discussed in the following section.

4.4 Results and Discussion
We have calculated the phase equilibria, gas solubility and polymer swelling
behavior of a wide variety of polymer solutions to assess the performance of PC-SAFT
using polymer parameters determined from the parameterization scheme developed in
this work. Predictions of PC-SAFT with polymer parameters suggested by Gross and
Sadowski13,14,16 (which are available for very few polar polymers) were also included for
comparison. The polymers solutions investigated include PMMA, PBMA, PVAC,
PVME, PVC, PVDF and PVEE in binary and ternary mixtures with n-alkanes
(nonassociating solvents), ethers, esters and ketones (polar solvents), and alcohols
(associating solvents). The experimental values of χ, δP and δS for the polymers and
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solvents studied here were taken from the literature27-30 and they are provided in Table
4.1 for completeness. The PC-SAFT parameters for the solvents investigated in this work
are collected in Table 4.2, whereas the polymers parameters can be obtained from Eqs.
(4.5) − (4.8) as discussed in section 4.3.
Predictions of phase equilibria for PVAC (Mw = 109 kg/mol and Mw/Mn < 1.1)
with acetone, PVC (Mw = 34 kg/mol, Mw/Mn < 1.3) with 1,4-dioxane, PBMA (Mw = 8.9
kg/mol, Mw/Mn < 1.2) with ethanol, and PVME (Mw = 14 kg/mol, Mw/Mn < 1.1) with
benzene are presented in Figure 4.1 together with experimental data taken from the
literature.31 Calculations were performed using kij values adjusted to the experimental
data as well as kij = 0. It can been observed that PC-SAFT predictions using polymer
parameters generated from the parameterization strategy yield results comparable to those
obtained with the parameters suggested in the literature, which were estimated from
extensive experimental data and complex search algorithms.14,32 This is not the case for
the parameterization strategy derived in this work, for which only values for χ, δP and δS
have to be assigned as inputs to calculate the polymer parameters. PC-SAFT parameters
for PVC and PVME are not available in the literature. In this sense, the parameterization
strategy provides a simple and accurate way for the estimation of these parameters. The
PC-SAFT description using parameters suggested by Gross and Sadowski14 for the
PBMA/ethanol system exhibits a distinct behavior. This result can be attributed to the
fact that the dipolar interactions of PBMA (μ = 2.15 D) are not explicitly taken into
account. Instead, they are effectively included in the van der Waals attractions, resulting
in an artificially large dispersion energy ε/k. This causes poor description of properties
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Table 4.1. Experimental values for polymer-solvent interaction parameters and Hildebrand
solubility parameters of polymers and solvents investigated in this work.
polymer-solvent system

δ (MPa0.5)a

χ

T (C)

φP

poly(methyl methacrylate)
19.0
carbon dioxide
20.0
0.43
25
0.6
poly(butyl methacrylate)
18.4
ethanol
26.0
0.99
60
0.8
poly(vinyl acetate)
20.0
acetone
20.2
0.31
30
0.4
poly(vinyl methyl ether)
18.4
benzene
18.0
0.15
40
1.0
poly(vinyl chloride)
19.5
1,4-dioxane
20.5
0.18
125
1.0
tetrahydrofuran
18.6
0.34
140
1.0
poly(vinylidene difluoride)
23.2
carbon dioxide
20.0
0.40
55
0.8
poly(vinyl ethyl ether)
18.2
toluene
18.2
0.57
80
0.6
a
30
Hildebrand parameters of solvents (taken from ref. ) and polymers are given at 298 K.

ref.
29

28

28

27

27
27

27

27
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Table 4.2. Molecular parameters of PC-SAFT EoS for solvents studied in this work.
solvent
n-heptane
benzene
toluene
carbon dioxide
ethanol
acetone
1,4-dioxane
tetrahydrofuran
methyl methacrylate

butyl methacrylate

m/M
(mol/g)

σ (Å)

0.03476
0.03156
0.03055
0.04710
0.05172
0.03824
0.03050
0.03168
0.03679
0.04411

3.8049 238.40
3.6478 287.35
3.7169 285.69
2.7852 169.21
3.1771 198.24
3.6079 259.99
3.5307 282.18
3.6241 279.07
3.6279 247.13
3.5610 221.38

ε/k (K)

ε

AiBj

/k

(K)

κ

AiBj

xp

μ (D)

ref.
24
24
24
24

2653.4

33

0.0324
0.2258
0.2399
0.3350
0.2513
0.2426

2.70
2.06
1.75
1.70
2.15

32

this work
34

this work
this work
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kij=-0.03113

kij=0.00574
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30
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PVME/benzene (T=298K)

P (kPa)
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30

20
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(a)
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(b)
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0.8
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0.6

0.8

1.0

Polymer weight fraction

Figure 4.1. Phase behavior description of: (a) PVAC (Mw = 109 kg/mol, Mw/Mn < 1.1) with acetone and PVC (Mw = 34 kg/mol, Mw/Mn < 1.3) with
1,4-dioxane, and (b) PBMA (Mw = 8.9 kg/mol, Mw/Mn < 1.2) with ethanol and PVME (Mw = 14 kg/mol, Mw/Mn < 1.1) with benzene at indicated
temperatures. PC-SAFT predictions using polymer parameters calculated from parameterization strategy: solid lines (adjusted kij) and dotted lines
(kij = 0). Dashed lines are results obtained using parameters suggested by Gross and Sadowski14,32 with kij = 0. Symbols represent experimental data
taken from the literature.31
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for mixtures of polar systems. The necessity for this large ε/k value can be removed by
correctly including the effect of the dipolar forces, as is done in the parameterization
scheme. This is particularly important for polar polymers in which the fraction of polar
sites can be varied, as shown in the work of Hasch et al.17 and Folie et al.35 As expected,
a better description of the experimental data is achieved when using optimized kij values,
which are found to be within the expected range for this parameter (±0.15).36 Phase
behavior predictions of binary polymer solutions containing PVC (not included in the
sensitivity analysis), provided a means for testing the applicability of the
parameterization scheme to produce appropriate polymer parameters. The results
obtained are in reasonable agreement with the experimental data, confirming the
capability of the proposed approach to predict sets of parameters for polar polymers.
In Figure 4.2a the phase diagram of a ternary system composed of PMMA (Mw =
18 kg/mol, Mw/Mn = 1.1), methyl methacrylate (MMA) and carbon dioxide (CO2) at 338
K and 10 MPa is shown along with experimental values reported in the literature.37 For a
ternary system, it is suggested that the parameterization strategy be applied using the
values for δS and χ corresponding to the solvent in higher concentration. However,
calculations were performed using the same set of polymer parameters employed in the
gas solubility and polymer swelling calculations for a PMMA/CO2 system (see below), to
evaluate the transferability of these polymer parameters. In general, the phase diagram of
a ternary mixture shows how the composition of three components changes at constant
pressure and temperature. For low polymer concentrations, it can be seen that adding
supercritical CO2 promotes the transition of the mixture from the single-phase region into
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Figure 4.2. Phase behavior of the system: (a) PMMA (Mw = 18 kg/mol, Mw/Mn = 1.1)/MMA/CO2 at 338 K and 10 MPa, and (b) PVC (Mw = 40.6
kg/mol, Mw/Mn < 1.3)/THF/nC7 at 295 K and 0.1 MPa, concentrations are given in mass fractions. Circles are cloud-point data37,38 and the solid
lines represent phase boundary and dotted lines are tie lines calculated from PC-SAFT using polymer parameters obtained in this work.
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the liquid-liquid equilibrium region. Further increase of the supercritical CO2
concentration brings the system into the three-phase region (vapor-liquid-liquid
equilibrium). For medium to high polymer concentrations, the addition of supercritical
CO2 brings the system into a vapor-liquid equilibrium area. PC-SAFT predictions using
polymer parameters computed from Eqs. (4.5) − (4.8) are able to capture all these phase
transitions in quantitative agreement with the experimental data.
Modeling results for the ternary system of PVC (Mw = 40.6 kg/mol, Mw/Mn < 1.3)
in mixture with tetrahydrofuran (THF) and n-heptane (n-C7) at 295 K and 0.1 MPa are
displayed in Figure 4.2b together with the experimental data reported by Hayduk and
Bromfield.38 Calculations were performed with polymer parameters determined from
Eqs. (4.5) − (4.8) using THF as the solvent. The addition of n-C7 to PVC already
dissolved in THF promotes the formation of a liquid-liquid demixing region, which is
qualitatively described by PC-SAFT predictions.
The performance of the parameterization strategy in predicting the effect of
supercritical CO2 on polymer solutions is further investigated by modeling the phase
behavior of PVEE (Mw = 4 kg/mol, Mw/Mn < 1.3)/toluene for various CO2 concentrations.
It also allows the evaluation of the predictive capacity of the parameterization strategy for
estimating reasonable parameters for polymers not considered in the parametric studies.
Calculations were performed using polymer parameters computed from Eqs. (4.5) − (4.8)
using toluene as the solvent. The results obtained are shown in Figure 4.3a together with
the available experimental values.39 The data points represent two different types of
phase transitions, namely, liquid to vapor-liquid (open symbols) and the liquid to liquidliquid (closed symbols) phase transitions. The liquid to vapor-liquid boundary appears at
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low CO2 concentrations (15 and 20 wt %). With increasing the CO2 concentration, there
is a change in the slope of this boundary. The point where the change in slope occurs shift
to lower temperatures as CO2 concentration increases; as observed for 25, 30 and 35 wt
% CO2 concentrations, where the characteristic change of slope appears at ~ 343, 342 and
340 K, respectively, indicating the onset of the liquid to liquid-liquid boundary. The data
points on each of the steeper lines represent the boundary between the single liquid phase
and the liquid-liquid area. The PC-SAFT model provides a quantitative description of the
phase behavior for the CO2 concentration range studied using polymer parameters
predicted from the parameterization strategy.
PC-SAFT predictions of the phase behavior for the system PVEE/toluene/CO2 at
higher temperatures, pressures and CO2 concentrations are presented in Figure 4.3b.
Calculations were made using the same values for kij and polymer parameters as those of
Figure 4.3a. The addition of CO2 into the binary polymer solution changes significantly
the phase behavior of the system. The phase boundaries move as the CO2 concentration is
increased in the system. The LCST line moves to lower temperatures and higher
pressures, whereas the UCST line shifts to higher pressures and temperatures, and the
liquid to vapor-liquid equilibrium boundary moves to higher pressures. For 50 wt % CO2
concentration, a vapor-liquid-liquid three-phase line bounded by upper and lower critical
end points (UCEP and LCEP) can be clearly seen in the inset of this figure. For a CO2
concentration of 70 wt %, the LCST and UCST curves merge, resulting in a phase
behavior that has no liquid to vapor-liquid boundary.
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Figure 4.3. P-T diagrams for the system PVEE (Mw = 4 kg/mol, Mw/Mn < 1.3)/toluene/CO2 at concentrations indicated. Symbols are cloud-point
data39 and the solid lines are results obtained from PC-SAFT using polymer parameters obtained in this work. In part (a) the closed symbols
represent liquid to liquid-liquid boundaries and the open symbols represent liquid to vapor-liquid boundaries.
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Predictions for CO2 solubility in PMMA (Mw = 600 kg/mol and Mw/Mn = 2.5) and
the respective swelling of the polymer matrix are compared with experimental data taken
from the literature40 in Figure 4.5. Calculations were performed with values for kij
parameters fitted to the gas solubility data. The molecular weight distribution of PMMA
was modeled using seven pseudo-components determined according to the algorithm
suggested by Tork41 et al. (see Table 4.3). The crystallinity degree of the polymer sample
is equal to 0. It is assumed that the gas absorbs only in the amorphous domains of the
polymer sample. Therefore, the solubility of a gas (Sol) for semicrystalline polymers is
given by Sol = 100(1 − X c ) wgas / w pol , where Xc is the degree of crystallinity, wgas and wpol
are the weight fractions of gas and polymer molecules in the amorphous polymer phase.
Similarly, the swelling (Sw) of the polymer matrix can be determined by
S w = 100(1 − X c )(V pol − V0pol ) / V0pol , where V0pol and V

pol

are the initial and swollen

volume of the polymer amorphous region, respectively. Values for wgas, wpol, V0pol and
V

pol

were calculated from PC-SAFT EoS. The gas solubility curves for the system

PMMA/CO2 are well described by the PC-SAFT model. In particular, the model is able
to predict qualitatively the decrease in gas solubility with increasing temperature using
temperature-dependent kij parameters. PC-SAFT predictions of the corresponding
swelling of PMMA are found to be in a reasonable agreement with the experimental data,
especially considering that the values for the kij parameters used were adjusted to the gas
solubility experimental data.
Modeling results for CO2 solubility in PVDF (Mw = 120.6 kg/mol and Mw/Mn =
2.5) and the corresponding PVDF swelling are shown in Figure 4.6 along with the
available experimental data.42 The results were obtained using kij values adjusted to the
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solubility data. The polydispersity of PVDF was model using seven pseudocomponents
(see Table 4.4). The crystallinity degree of the polymer sample is equal to 0.5. PC-SAFT
predictions using parameters estimated in this work describe reasonably well the
solubility of CO2 in PVDF and the respective swelling of the polymer matrix for the
temperature range studied. In particular, the model is capable of describing qualitatively
the intersection of the solubility and swelling curves at high pressures. All of the results
discussed above demonstrate the reliability of the parameterization strategy to generate
molecular parameters for polar polymers that provide an adequate description of phase
equilibria for binary and ternary polymer solutions containing nonassociating, polar, and
associating solvents.
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Table 4.3. Pseudocomponents calculated from the experimental Mw and Mn values for describing
the molecular weight distribution of PMMA in CO2 presented in Figure 4.4.
pseudocomponent
mass fraction of
mol wt Mi
pseudocomponent wpi
[g/mol]
i
1
0.010738
50000
2
0.038366
118808.8
3
0.119770
282310.8
4
0.283562
670820.4
5
0.380970
1593988
6
0.160337
3787597
7
0.006258
9000000

Table 4.4. Pseudocomponents computed from the experimental Mw and Mn values to represent
the molecular weight distribution of PVDF in CO2 presented in Figure 4.5.
pseudocomponent
mass fraction of
mol wt Mi
pseudocomponent wpi
[g/mol]
i
1
0.005212
6712.1
2
0.021878
17184.1
3
0.083156
43994.1
4
0.250028
112631.8
5
0.432445
288355.4
6
0.202898
738235.5
7
0.004384
1890000
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Figure 4.4. Modeling results for: (a) solubility of carbon dioxide in PMMA (Mw = 600 kg/mol and Mw/Mn = 2.5); and (b) swelling of the polymer
matrix using PC-SAFT EoS with polymer parameters computed in this work. Symbols are the experimental data taken from the literature.40 The kij
parameter was fitted to solubility data. The polymer was modeled using seven pseudocomponents (see Table 4.3). The degree of crystallinity is
equal to 0.
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Figure 4.5. Modeling results for: (a) solubility of carbon dioxide in PVDF (Mw = 120.6 kg/mol and Mw/Mn = 2.5); and (b) swelling of the polymer
matrix using PC-SAFT EoS with polymer parameters calculated in this work. Symbols are the experimental data taken from the literature.42 The kij
parameter was fitted to solubility data. The polymer was modeled using seven pseudocomponents (see Table 4.4). The degree of crystallinity is
equal to 0.5.
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4.5 Conclusions
We have presented an extension of the parameterization strategy for the
estimation of PC-SAFT parameters for polar polymers. This parameterization strategy is
based on the polymer-solvent interaction parameter and the Hildebrand solubility
parameters of the polymer and solvent, which take into account explicitly the molecular
interactions between polymer and solvent molecules. PC-SAFT predictions using
polymer parameters computed from the proposed approach are able to predict
quantitatively the phase behavior for poly(butyl methacrylate), poly(vinyl acetate)
poly(methyl methacrylate), and poly(vinyl methyl ether) in mixtures with associating,
polar, and nonassociating solvents. The predictive capacity of the parameterization
scheme was tested by obtaining polymer parameters for poly(vinyl chloride),
poly(vinylidene difluoride), and poly(vinyl ethyl ether). The use of these parameters
yielded excellent predictions of phase diagrams, gas solubility and polymer swelling
behavior of the polymer solutions studied in this work. This validates the applicability of
the approach developed in this work for the prediction of molecular parameters for polar
polymers that provide an appropriate representation of thermodynamic properties and
phase behavior of polymer solutions.
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Chapter 5
Gas Adsorption in Microporous
Poly(dichloroxylene) Networks

In this chapter a computational approach for building atomistic models for
amorphous polymer networks in order to simulate their pore structure and gas adsorption
properties is presented. The computational method is discussed for poly(dichloroxylene)
networks, but can be extended to other polymer networks. The atomistic models were
further refined by fitting to characterization data (i.e., bulk density, absolute density,
micropore volume and elemental composition). These models were characterized by
specific surface area and pore size distribution. A sensitivity analysis was performed to
determine the minimum box size that should be used in adsorption simulations.
Simulated adsorption isotherms and isosteric heats for methane and hydrogen are in
reasonable agreement with the experimental data.

5.1 Introduction
Microporous materials, which have pore sizes smaller than 2 nm and very high
surface areas, are of considerable interest for academic and industrial research because of
their potential applications in adsorption separation, catalysis and gas storage. Perhaps,
the most common representatives of microporous materials are activated carbon1-3 and
zeolites.3,4 However, considerable advances have been made recently, particularly in the
preparation of microporous metal-organic frameworks (MOFs)5-7 and covalent-organic
frameworks (COFs).8-10 These materials are synthesized in a building block approach
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from metal or metal oxide vertexes interconnected by rigid organic linkers allowing for
tuning materials properties such as density, pore volume, and specific surface area.
Unfortunately, metal-based materials are disadvantageous in applications where weight
must be kept at a minimum (e.g., hydrogen storage for transportation applications). There
are also concerns about the stability of some microporous MOFs, with respect to water in
the air.11 Polymers of intrinsic microporosity (PIMs)12-15 are amorphous microporous
polymers that derive their porosity from highly rigid and contorted molecular structures,
which inhibit space-efficient packing in the solid state. They can be prepared using a
simple and efficient dioxane forming reaction either as insoluble network polymers or as
solvent processable non-network polymers.
Hypercrosslinked polymers (HCPs)16-20 represent another type of amorphous
microporous polymers. HCPs have been commercially used as the basis for ion-exchange
resins and adsorbents. Their preparation involves the intensive crosslinking of solventswollen polymer beads followed by immobilization of the pores in their solvated state
through a secondary crosslinking process, thus forming pores that persist even after the
solvent is removed.16,21 The nanoporosity is the result of the high rigidity of the
hypercrosslinked network. In addition to polystyrene,16,21 this synthesis technique has
also been successfully used for the preparation of rigid microporous polyaniline,17
polysulphone,21 polyacrylate21 and polyamide22 networks. Recently, a series of HCPs has
been synthesized by self-condensation of bischloromethyl monomers,19,20 extending the
synthetic routes that exist to produce these materials.
HCPs possess a number of potential advantages: (a) they can be composed
entirely of light elements (C, H, O, N, etc), which may be advantageous in applications
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requiring lower weight system, (b) there are a large number of synthetic strategies by
which a wide range of chemical functionalities can be introduced in order to improve
adsorbate binding interactions, and (c) polymers can be chemically and thermally stable.
Additionally, polymers are a scalable technology and there are already examples of
systems (e.g., macroporous polymer resins for separations) that are manufactured on a
large scale. However, the amorphous structure of HCPs is very challenging to
characterize by experimental methods commonly used in porous materials;21,23 hence
properties such as their permanent nanoporosity, surface chemistry, and polymer swelling
are only partially understood.19 In this context, computer simulations represent a useful
tool to provide insight into molecular-level details of underlying mechanisms that allow
for better understanding these materials. However, a significant challenge exists in
simulating the pore structure of these materials because they are amorphous, not
crystalline like MOFs and COFs. As such, it is typically not possible to generate an
unambiguous three dimensional molecular representation of amorphous microporous
polymers, for example, by structural X-ray crystallography, that can then form the basis
of an atomistic simulation of gas adsorption.19 Consequently, models must be constructed
to fit, as well as possible, with a range of available characterization data. In this work, we
present a computational approach for the construction of HCP networks in order to
simulate the pore structure and gas adsorption properties of these amorphous materials.
The computational method is demonstrated by reference to poly(dichloroxylene)
(polyDCX) networks, but can be applied to other HCPs. The fundamental knowledge
generated from these simulations may provide useful guidance in the design of novel
HCPs with significantly enhanced gas adsorption capacity.
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5.2 Simulation Details
All calculations were performed using Materials Studio software,24 which has
been used to simulate hydrogen adsorption in zeolites25 and carbon dioxide in
polysulfone,26 as well as gas solubility and diffusion coefficients for several gases in
PIM-1.27 The nonbonded interactions were modeled using a Lennard-Jones (LJ) potential
for van der Waals interactions and a Coulomb potential for long-range electrostatic
interactions, using parameters from PCFF force field. The LJ interactions were calculated
with a 15.5 Å cutoff radius and the long-range electrostatic interactions were evaluated
using the Ewald summation technique.28 The LJ parameters for the cross interactions
were determined by the standard Lorentz-Berthelot mixing rules. The velocity Verlet
algorithm was used to integrate Newton's equations of motion.29,30 The time step used in
the MD simulations was taken as 1.0 fs. The temperature and pressure were controlled by
a Nose-Hoover thermostat and barostat.31,32
In all simulations, the PCFF (polymer-consistent force field)33,34 force field was
used to describe all energetic interactions. To validate the calculations, a 60Å simulation
box length was constructed, according to the computational procedure discussed below,
and characterized by specific surface area and micropore volume using the CVFF
(consistent valence force field)35,36 and COMPASS (condensed-phase optimized
molecular potentials for atomistic simulation studies)37,38 force fields. All these force
fields were intended for application to inorganic and organic molecules as well as
polymers.33-38 The results obtained are listed in Table 5.1. Predicted properties from all
three force fields were very similar, suggesting that simulation samples are independent
of the force field used. Also, no significant differences were detected in the topology and
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molecular packing of the polyDCX structures generated with the three force fields.
However, COMPASS was found to require larger computational time to calculate all
terms in the expression for the potential energy, many of which involve complicated
cross terms. Based on these results, PCFF was the force field of choice.
The initial model system consists of uncrosslinked dichloroxylene (DCX)
monomers. The optimized molecular structure for DCX is shown in Figure 4.1. The
respective hypercrosslinked polyDCX network can be synthesized by self-condensation
of dichloroxylene via Friedel-Crafts chemistry19 (see Figure 5.1). For the construction of
simulation boxes containing DCX monomers, the Theodorous and Suter39 method was
used as implemented in the amorphous cell module of Materials Studio package.24 In this
method, molecules are constructed by gradually adding atoms and bonds according to a
minimum energy criterion. In this way, DCX monomers were located randomly into a

Table 5.1. Sensitivity analysis to determine the effect of force field used on simulation samples.

Connolly surface
area (m2/g)

Accessible surface
area (m2/g)

Micropore volume
(cm3/g)

CVFF

2697

630

0.568

PCFF

2794

677

0.589

COMPASS

2860

638

0.562

Average

2783

648

0.573

Std. Dev.

82

25

0.014

Force Field
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a)

FeCl3

+

HCl

b)

Figure 5.1. a) Self-condensation reaction of DCX monomer via Friedel-Crafts chemistry, and b)
optimized molecular structure for DCX monomer. Atomic partial charges calculated using PCFF
force field. Color code: C (gray); H (white); and Cl (green).
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simulation box under periodic boundary conditions (to remove possible surface effects).
The target bulk density (ρbulk) for these simulations was set to 0.78 g/cm3 as calculated
from the experimental micropore volume (W0 = 0.494 g/cm3) and the absolute density
(ρads = 1.28 g/cm3) as measured by helium pycnometry using the relationship W0 = 1/ρbulk
− 1/ρads.19 The resulting model was then relaxed by performing a MD simulation for 50 ps
in a NVT ensemble. Thereafter, a simulated annealing (8 cycles of 10000 MD steps) was
carried out in order for the monomers system to be in a low-energy conformation. The
final packing model was used as the starting structure for the network building procedure
presented in the next section.
5.2.1

Network Building Procedure

The algorithm for building hypercrosslinked polyDCX networks is based on a
Perl script developed in Materials Studio.24 A flowchart describing the crosslinking
algorithm is shown in Figure 5.2 and is discussed below.
Step 1: The initial cutoff distance (4Å) and degree of crosslinking (in terms of %)
are defined for the crosslinking algorithm. This cutoff distance has been chosen so as not
to increase the strain in the system too severely upon crosslinking. The choice of this
cutoff distance was based on several trials of various distances and was considered the
most appropriate.
Step 2: In this step, the system is equilibrated using NVT simulations for 50 ps.
Since it is important to ascertain that the simulation time in between successive reactions
is sufficiently long for the unreacted reactive species to move around, it was chosen on
the basis of the calculated root-mean-square distance (rmsd). The rmsd of reactive
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Start
Define cutoff,
crosslinking degree
Equilibrate the structure

Identify all potential uncrosslinked
reactive pairs within cutoff distance

If such pairs
exist

Increase
the cutoff

Create new topology
Refine the new topology by geometry
optimization followed by MD relaxation

If crosslinking
degree reached

Stop

Figure 5.2. Algorithm for the network building approach proposed in this work.
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chlorine and hydrogen atoms were found to be around 4.1 Å in 50 ps, thus ensuring that
our equilibration time is reasonably long to provide a good mixing of the various species.
Although the diffusion of the reaction sites decays as the crosslinking reaction
progresses, the aforementioned value of rmsd of reactive chlorine and hydrogen atoms
should provide a preliminary approach toward system relaxation prior to the next
iteration.
Step 3: In this step, all reactive pairs are identified (Cl and H atoms) and the
distance between them are measured and stored by increasing close contact length. In
addition, all pairs that could lead to possible ring catenation and spearing in the network
are removed from this list. The closest pairs of reactive sites within a reaction cutoff
radius of 4Å are identified and between the corresponding carbon atoms new covalent
bonds are created. An equivalent number of HCl molecules are removed from the system
(see Figure 5.3).
Step 4a: If crosslinking does occur, the topological information is updated by
introducing new bonds, angles, and dihedral angles into the system. The charge
distribution around these atoms is also adjusted to keep the system neutral. Then, a
geometry optimization is performed to remove local mechanical stress that is due to
crosslink bonds of length greater than its equilibrium value. To this end, MC simulations
are performed in the NVT ensemble by using the classical Metropolis sampling
procedure.29,30,40 Depending on the number of crosslinks created, from 3000 to 5000 MC
steps are needed in order for the new structure to be chemically reasonable in terms of
bond lengths, angles bending and dihedral angles. Thereafter, a MD simulation (50 ps
NVT) is performed to relax and refine the resulting network structure.
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Figure 5.3. Details of the dichloroxylene monomer showing, in stick-and-ball representation, the reactive chlorine and hydrogen atoms (left) and
the newly formed C-C covalent bond and the corresponding removed HCl molecule (right). All other atoms are in line rendering. Color code: C
(gray); H (white); and Cl (green).
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Step 4b: If crosslinking does not occur, the system is further equilibrated
according to step 2 and the reaction cutoff radius is increased by 0.25 Å in the subsequent
iteration.
Step 5: Steps 2-4 are repeated until the desired degree of crosslinking is reached.
Step 6: Simulated annealing is applied to final crosslinked structure by first
performing 8 annealing cycles of 10000 MD steps each in the temperature range between
300 and 600K.
This computational approach replicates the basic reactivity rules of the FriedelCrafts chemistry19,20 and allows the formation of network structures with defects (i.e.,
aromatic rings holding from 2 to 6 substituents), which are important sources of
heterogeneity of microporous materials. Moreover, a fully relaxed crosslinked network
can be obtained without imposing any local stress in the structure as discussed below.
Atomistic packing models for polyDCX were constructed with a defined target bulk
density of 0.78 g/cm3, as mentioned previously. Solid-state NMR for synthetic polyDCX
suggested that, on average, each aromatic group holds approximately three substituents.
Elemental analysis for polyDCX showed the composition to be 87.68% C, 7.16% H, and
5.16% Cl. As such, the target for residual unreacted chloromethyl groups in the packing
models was set to achieve ~5 wt.% chlorine loading. In this way, it was possible to
generate models that agreed closely with the available physical characterization data for
polyDCX (i.e., bulk density, absolute density, pore volume and elemental composition).

124

5.3 Results and Discussion
The network building procedure described above is based on the approach
proposed by Xu et al.41 which was initially developed and applied to epoxy resin systems.
In the present work, the method was modified to generate hypercrosslinked structures of
relatively larger systems (40-70Å simulation box length) of polyDCX networks. Our
method allows multiple crosslinks (between the closest pairs of reactive sites) per
iteration within a cutoff distance of 4Å, which is gradually increased by 0.25Å in the
subsequent iteration if crosslinking does not occur. In contrast, the approach of Xu et al.41
performs just one crosslink per iteration within the lower and upper bound cutoff distance
of 4 and 10Å, respectively; which may be expected to have computational limitations
when applied to crosslink larger systems. Our method seems to be computationally more
efficient and convenient for building polymer networks.
The proposed computational method was used to construct simulation boxes of
different sizes ranging from 40 to 70Å in order to determine the effect of the simulation
box length on the system properties as discussed later. The energy decomposition for the
uncrosslinked and crosslinked systems using a 60Å simulation box length is shown in
Table 5.2. It can be noted that all energy components except electrostatic energy increase
on crosslinking. The rise in bond, angle and dihedrals energies can be attributed to the
newly formed topology. Yarovsky et al.42 and Xu et al.41 have also been reported such
increase in energetic components upon crosslinking epoxy-based networks. The decrease
in the electrostatic energy can be due to the removal of chlorine atoms, which make a
significant contribution to the electrostatic interactions.
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Table 5.2. Energy summary for the uncrosslinked and crosslinked systems using a 60Å
simulation box length.

Energy Components (kcal/mol)

Uncrosslinked System

Crosslinked System

bond length

14665

16380

angle bending

3465

5740

dihedrals

4515

14805

van der Waals

20300

26390

electrostatic

-12215

-12600

8085

14140

total potential energy

A space-filling representation of a 60Å simulation cell for polyDCX model is
shown in Figure 5.4a. The simulated amorphous structure of polyDCX can be clearly
seen. The calculated Connolly surface area (using kinetic radius of N2 = 1.82Å) in the
packing cell is shown in Figure 5.4b. The blue areas represent the micropore surface. It
should keep in mind that the model simulates only microporosity in the material and does
not account for meso- or macroporosity, which can be present in the experimental sample
as discussed below.
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(a)

(b)

Figure 5.4. 60Å simulation cell showing: a) the resulting amorphous structure of

polyDCX, and b) the calculated Connolly surface area (in blue) using a probe molecule
with radius = 1.82 Å (kinetic radius of N2).
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The observation of the proximity of reactive sites during the crosslinking reaction
is worth mentioning. Figure 5.5a shows the initial distance at which bond is formed as
crosslinking progresses for simulation boxes of different length (50, 60 and 70Å). It can
be observed from the figure that about 80-90% of the crosslinking has been successfully
achieved within the cutoff distance of 4 and 5.5 Å, respectively. It can also be seen that
using the proposed crosslinking approach as discussed before, a well-relaxed crosslinked
network can be obtained successfully without introducing any local stress in the structure.
For HCPs, volume shrinkage or increase in density is observed experimentally
during the process of network formation.19,20 In order to observe this shrinkage, the
volume of the system during the relaxation stage of crosslinking simulations was tracked
continuously. The resulting equilibrated volume as a function of the simulation box
length is shown in Figure 5.5b. It can be seen that a volume shrinkage of 10-14% was
obtained in our simulations. Given the complexity of the crosslinking process, the results
provide a good estimation of volume shrinkage with respect to crosslinking process. The
results are also in accordance with an increase in density with crosslinking conversion as
reported recently by Yarovski et al.42 and Komarov et al.,
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which observed a volume

shrinkage of 5-12% for epoxy-based systems.
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Figure 5.5. Degree of crosslinking as a function of the cutoff distance (top), and total volume
shrinkage as a function of simulation box length.
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5.3.1

Characterization of Simulation Samples

Simulation boxes were characterized by both specific surface areas, pore volume
and pore size distribution. Connolly surface area and solvent-accessible surface area (see
Figure 5.6) can be computed from a simple Monte Carlo integration technique. The
Connolly surface area is calculated by rolling a probe molecule across the substrate, with
the interface taken from the contact point of the probe molecule. For the accessible
surface, the surface area is calculated from the center of the probe molecule. We compare
our simulation results throughout with apparent BET surface areas. It should be stressed
that the use of the BET theory to analyze microporous materials has several limitations44
and that these values should not necessarily be equated directly with real physical surface
areas, despite the fact that the use of BET analysis is everywhere in recent literature on
microporous materials. The pore size distribution (PSD) will be estimated following the
method proposed by Gelb and Gubbins.45 According to this approach a cumulative pore
volume curve can be constructed by determining the volume W0 (r) of the largest
covering sphere of radius r for every point in the void space (Figure 5.6). The plot of
-dW0 (r)/dr versus the pore diameter r then defines the pore size distribution.
Figure 5.7 shows the calculated Connolly and solvent-accessible surface areas
plotted against the length of the simulation box with a Connolly radius set to 1.82 Å (the
kinetic radius of N2). Duren et al.44 recently studied both Connolly surfaces and
accessible surfaces with respect to calculating geometric surface areas for MOFs. They
pointed out that accessible surface area has several advantages over the Connolly surface
area: it describes the surface area of pore structures more accurately in terms of real
physical sorbent-sorbate interactions and is also related to the entropy of the adsorbed
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Figure 5.6. Definition of the accessible surface area (green line), the Connolly surface area (red line), and the van der Waals surface area (blue
line). Note that the van der Waals surface area is illustrated only on the lower surface for clarity (left); and Two-dimensional illustration of the
geometric derivation of the pore size distribution. Point “X” is only coverable by the smallest (solid) circle, while point “Y” is coverable by the
smallest and midsize (dashed) circles, and point “Z” is coverable by all three circles (right). Figures taken from refs. 44 and 45.
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Figure 5.7. Connolly and solvent-accessible surface areas as a function of the simulation box
length. Calculations were made using a probe molecule with radius = 1.82 Å (kinetic radius of
nitrogen.
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molecules. We calculated the solvent-accessible surface area, which is equivalent to the
accessible surface area, as defined by Duren et al.,44 but takes into account only the free
volume that can be accessed from at least one of the six sides of the amorphous cell
simulation box. As shown in Figure 5.7, both the Connolly and solvent-accessible surface
areas remain relatively constant for the models generated for the different simulation box
sizes. The calculated Connolly surface areas (2676−2775 m2/g) are significantly greater
than the experimental apparent BET value (1370 m2/g) as measured by N2 adsorption. Far
better agreement with experiment is seen for the solvent-accessible surface areas
(668−737 m2/g). A similar comparison has been made for MOF materials, where the
calculated Connolly surface area was shown to be twice the measured apparent BET
surface area in some cases.46,47
Figure 5.8 shows a plot of the simulated pore volume associated as a function of
the probe diameter for simulation boxes of different sizes. It can be seen that the pore
volume decreases with increasing probe molecule size. This is due to the fact that when
inserting a large probe molecule, it most likely overlaps with the framework atoms,
decreasing the probe-accessible region.
A sensitivity analysis in terms of specific surface areas and pore volume can be
performed to determine the minimum box size that should be used in gas adsorption
simulations. Specific surface areas and pore volume were selected since they are the
properties usually used to characterize porous materials.48 To this end, the results showed
in Figures 5.7 and 5.8 were used. The values for both Connolly and solvent-accessible
surface area did not change significantly over the range of simulation box lengths
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Figure 5.8. Micropore volume as a function of the probe diameter for simulation boxes of lengths
ranging from 40 to 70Å.
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covered. These results suggested that the box size should be larger than 50Å. This is not
the case, however, for the pore volume which seems to be a more sensitive property to
the variation of the simulation box length. Indeed, a significant variation in the pore
volume for boxes less than 60Å was found. On the basis of this sensitivity analysis, the
minimum box size that should be used in simulations of polyDCX is 60Å. The above
methodology ensures gas adsorption simulations of polyDCX to be independent of the
box size and reduce the occurrence of artifacts introduced by the use of smaller boxes.
In Figure 5.9, the simulated PSD for a 60Å simulation box size is compared with
the experimental PSD as calculated using the Horvath-Kawazoe (HK) method.49 The
experimental data show a distribution of micropores in the range 4-14Å, although it
should be noted that the slit-shaped pore assumption of the HK model may be an overly
simplistic view of the complex pore structure existing in these materials. In general,
simulated and experimental PSD exhibit similar tendency with the simulated results
showing a lower PSD maxima and slightly broader distribution. The simulated PSD peak
is around 3Å, whereas experiments show a PSD peak of ~5Å. This means that the
simulation sample contains a significant portion of micropores with pore diameter of 3Å
instead of 5Å as obtained in the HK distribution. These results may also suggest that
some of the pore in the simulation sample are too small to allow favorable interactions
with some gas molecules or indeed small enough to size-exclude gases such as N2
(kinetic diameter of 3.64Å) or even H2 (kinetic diameter of 2.93Å) itself.
As mentioned previously, solid-state NMR for polyDCX networks can be used to
define a ratio, S/NS, to describe the ratio of the substituted and non-substituted aromatic
carbons in the structure.19 The value for S/NS was determined to be 1.15; a S/NS value
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Figure 5.9. Simulated and experimental (using the Horvath-Kawazoe slit pore method) pore size
distribution for polyDCX networks.
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Figure 5.10. Simulated distribution of substituents per aromatic ring unit in the polyDCX
structure for simulation box lengths of 50−70Å.
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greater than 1 is indicative of a highly condensed network structure. This also implies
that, on average, each aromatic group holds approximately three substituents. In this
context, molecular simulation is a useful tool that allows to calculate not only a S/NS
ratio but also the distribution of substituents in the simulated polymer sample as shown in
Figure 5.10. Simulated S/NS values for boxes of 50, 60 and 70Å are 1.07, 1.08, 1.09,
respectively; which are in good agreement with the experimental data. There is a
significant portion of aromatic rings bearing 2 and 3 substituents, which contribute S/NS
= 0.5 and 1.0 to the overall ratio, respectively. However, a considerable number of
aromatic rings holding more than three substituents are present in order to achieve an
average S/NS ratio greater than unity.
5.3.2

Gas Adsorption Simulations

Grand Canonical Monte Carlo (GCMC) simulations were performed to calculate
gas adsorption isotherms for polyDCX networks. A 60Å simulation box length under
periodic boundary conditions was used for these simulations based on the sensitivity
analysis discussed above. A cutoff radius was set to 15.5Å for the LJ interactions, and the
long-range electrostatic interactions were calculated using the Ewald summation
technique. For each state point, GCMC simulation consisted of 1.0 × 107 steps to
equilibrate the system, followed by 1.0 × 107 steps to sample the desired thermodynamic
property (production stage). The output of a GCMC simulation is the amount adsorbed.
Another important thermodynamic quantity of interest than can be obtained from a
GCMC simulation is the isosteric heat of adsorption qst. According to the fluctuation
theory, it could be calculated from:
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q st = RT −

where,

U ff N − U ff
N2 − N N

N

−

U sf N − U sf

N

N2 − N N

(4.1)

indicates the ensemble average, R is the gas constant, and N is the number of

molecules adsorbed. The first and second terms are the contributions from the molecular
thermal energy and adsorbate-adsorbate interaction energy Uff, respectively. The third
term is the contribution from the adsorbent-adsorbate interaction energy, Usf.
The polyDCX model (60Å simulation box equilibrated at room temperature) was
cooled-down to 77K by performing a NPT-MD simulation, consisting of a stepwise
temperature decrease (quenching 20 K/50 ps) at 1.1 bar and subsequent isothermal
equilibration of the packing model (50 ps). At 77 K, the resulting model have been used
to calculate adsorption isotherms, under the assumption that the polymer matrix is fixed;
that is, a single configurational snapshot of the packing model is used and the dynamics
of the polymer is not taken into account here. The adsorption takes place only in the static
free volume domains of the matrix.
In Figure 5.11, a snapshot of the polyDCX structure with hydrogen adsorbed at
1.1 bar and 77K is shown. Simulated hydrogen adsorption isotherm together with
experimental data19 are compared in Figure 5.12. Simulation results obtained by Wood et
al.19 are also included. It can be seen that the simulated adsorption isotherm calculated in
this work predicts a hydrogen uptake of 1.40 wt.% at 1.1 bar, slight lower than the
experimentally determined value for polyDCX of 1.69 wt.%. This underestimation can be
due to the fact that the real experimental sample of polyDCX contains also mesopores
which are not represented in the atomistic model; wherein considerable multilayer
adsorption may take place. Indeed, according to the IUPAC classification of adsorption
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Figure 5.11. Snapshot of the polyDCX structure with hydrogen adsorbed at 1.1 bar and 77K.
Color code: Carbon (gray), Hydrogen (white), Chlorine (green).
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Figure 5.12. Simulated and experimental adsorption isotherm for hydrogen at 77K for polyDCX
network.
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isotherms (based on nitrogen at 77K),50 polyDCX material exhibits greater Type II
character and displays pronounced pore filling at high relative pressure,19 which is
consistent with the presence of mesopores that allow unrestricted multilayer adsorption.48
The simulation results reported previously by Wood et al.19 overestimated considerably
the experimental data. This can be attributed to the use of a relatively small simulation
box (30Å), which caused an overprediction of the pore connectivity and accessibility that
accounts for the high adsorption in this model. This underlines the importance of
performing a sensitivity analysis to determine the effect of the simulation box length on
material properties. Moreover, the atomistic model was constructed from a combination
of polyDCX clusters of different molecular weights. These clusters were built using an
arbitrarily defined repeat unit, which greatly simplify the complexity of the pore structure
existing in these amorphous materials. The simulated isosteric heat of adsorption was
found to be between 5.5 and 6 kJ/mol, which compares reasonably well with the
experimentally measured value of 7-7.5 kJ/mol. The isosteric heat of adsorption reported
by Wood et al.19 (~7.5 kJ/mol) compares surprisingly well with the experimental result,
which may be related to the overestimation of hydrogen adsorption.
In Figure 5.13, a snapshot of methane molecules adsorbed in the polyDCX
framework at 25 bar and 298 K is shown. The simulated methane adsorption isotherm
along with the experimental data20 are shown in Figure 5.14. Simulation results by Wood
et al.20 are also included for comparison. Simulation results from this work are in
qualitative agreement with the experimental data. The adsorption simulation predicts a
total methane uptake of 3.42 mmol/g at 20 bar, much lower than the experimental value
of 4.5 mmol/g. This may be explained by the fact that the majority of the pores in the
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Figure 5.13. Snapshot of the polyDCX framework with methane molecules adsorbed at 298 K
and 25 bar.
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Methane Adsorption Isotherm at 298K
11
This work

10

Cooper (2008)

9

exp data

CH4 uptake (mmol/g)

8
7
6
5
4
3
2
1
0
0

5

10

15

20

25

30

Pressure (bar)
Figure 5.14. Simulated and experimental adsorption isotherm for methane at 298 K for polyDCX
network.
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simulation sample are somewhat small (simulated PSD peak is around 3Å as discussed
previously) to allow penetration of methane molecules (kinetic diameter of 3.82Å). In
addition to this, the experimental sample of polyDCX contains also larger pores (wherein
significant multilayer adsorption may occur), which are not considered into the
simulation cell. Simulation results obtained by Wood et al.20 notably overestimated the
experimental data trend mainly because of the overprediction of the pore connectivity and
accessibility as discussed above. Simulations from this work predict the isosteric heat of
adsorption to be in a range of 16−17 kJ/mol, which is in reasonable agreement with the
experimental value of 20−21 kJ/mol. Isosteric heat predictions from Wood et al.20 are
again unexpectedly in good agreement with experimental results, which may be due to
the overpredicted simulated methane isotherm.
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5.4 Conclusions
We have presented a computational procedure, based on a Perl script developed in
Materials Studio,24 for building atomistic models of hypercrosslinked polyDCX networks
(based on the self-condensation reaction of dichloroxylene via Friedel-Crafts chemistry)
in order to simulate their pore structure and gas adsorption properties. The procedure is
demonstrated by reference to polyDCX networks, but can be extended to other polymer
networks. The constructed models were further refined by fitting to characterization data
(i.e., bulk density, absolute density, pore volume and elemental composition). Simulation
samples were characterized by both specific surface area and pore size distribution. A
sensitivity analysis was performed to determine the minimum box size that should be
used in adsorption simulations. The selected box size was found to simulate reasonably
well the adsorption isotherms and isosteric heats for hydrogen and methane.
This computational approach can be used for simulating the behavior of other
adsorbed molecules (such as carbon dioxide, nitric oxide and oxygen, among others) and
also for probing the potential effects of changes to the polymer structure, for instance, the
inclusion of selected functional groups that can act as preferred adsorption sites and
hence, improve the adsorption and storage capacity of these materials. The fundamental
knowledge gained from these simulations can provide guidance in the design of novel
tailored-polyDCX networks.
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5.5 Appendix
This section provides the Perl script developed in Materials Studio for the
network building approach proposed in this work.
#
# Specifies the input file
#
my $doc = $Documents{"my_example.xtd"};
#
# Name properly all atoms used in the crosslink script.
#
# ForcefieldType used corresponds to PCFF:
# cp: C in aromatic ring
# c2: C in CH2
# hc: H bonded to C
# cl: Cl
my $atoms = $doc->Atoms;
foreach my $atom (@$atoms) {
if ($atom->ForcefieldType eq "c2") {
$atom->Name = "CH2";
foreach my $atom1 (@{$atom->AttachedAtoms}) {
if ($atom1->ElementSymbol eq "H") {
$atom1->Name = "H_CH2";
} elsif ($atom1->ForcefieldType eq "cl") {
$atom1->Name = "Cl";
foreach my $atom2 (@$atoms) {
if ($atom2->ForcefieldType eq "cp") {
$atom2->ElementSymbol = "C";
foreach my $atom3 (@{$atom2->AttachedAtoms}) {
if ($atom3->ElementSymbol eq "H") {
$atom3->Name = "H";
}
}
}
}
}
}
}
}
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#
# Delete all existing sets in the initial structure
#
my $sets=$doc->UnitCell->Sets;
foreach my $set (@$sets) {
$set->Delete;
}
my $atoms = $doc->UnitCell->Atoms;
#
# Exclude atom pairs in the same bonded fragment
#
Tools->BondCalculation->ChangeSettings([ExclusionMode => 'Fragment']);
print " \n";
print "-------- Crosslinkings Formation ---------\n";
print " \n";
print "Cutoff Distance (A) Crosslinks Created\n";
#
# Repeat until cutoff distance of 4A is reached
#
my $i = 0;
while ($i < 45) {
$i = $i+1.0;
my $InitialRadius=2.0;
my $Delta=$i/20;
my $Cutoff=$InitialRadius+$Delta;
#
# Setting of distance criterion
#
Tools->BondCalculation->ChangeSettings(Settings(DistanceCriterionMode =>
"Absolute",
MinAbsoluteDistance => 0.0, MaxAbsoluteDistance => $Cutoff));
#
# Calculate the close Contacts
#
$doc->CalculateCloseContacts;
my $CloseContacts=$doc->UnitCell->CloseContacts;
#
# Take into account only close contacts between reactive atoms.
#
my $Cl;
my $H;
my @AtomsToDelete;
my $nbonds=0;
my %CCs = ();
foreach my $CloseContact (@$CloseContacts) {
my $Name1=$CloseContact->Atom1->Name;
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my $Name2=$CloseContact->Atom2->Name;
my $Atom1=$CloseContact->Atom1;
my $Atom2=$CloseContact->Atom2;
my $length = $CloseContact -> Length;
my $Name = $CloseContact -> Name;
if (($Name1 eq "Cl") && ($Name2 eq "H")) {
$Cl=$Atom1;
$H=$Atom2;
} else {
if (($Name1 eq "H") && ($Name2 eq "Cl")) {
$Cl=$Atom2;
$H=$Atom1;
}
}
if ((($Name1 eq "Cl") && ($Name2 eq "H") || ($Name1 eq "H")) && ($Name2
eq "Cl")) {
$CCs{$Name} = $length;
#
# Sort the array by increasing close contacts length
#
foreach my $key (sort {$CCs{$a} <=> $CCs{$b}} keys %CCs){
}
#
# Identification and labeling of reactive sites
#
my $CH2;
my $C6H6;
foreach my $at (@{$Cl->AttachedAtoms}) {
if ($at->ElementSymbol eq "C") {
$at->Name="CH2";
$CH2=$at;
foreach my $at1 (@{$H->AttachedAtoms}) {
if ($at1->ElementSymbol eq "C") {
$at1->Name="C6H6";
$C6H6=$at1;
}
}
}
}
#
# Create a covalent bond between reactive sites
#
$doc->CreateBond($CH2,$C6H6,"Single");
$CloseContact->Atom1->Name = "bonded";
$CloseContact->Atom2->Name = "bonded";
$nbonds++;
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#
# Addition of Cl & H atoms to array AtomsToDelete
#
push(@AtomsToDelete,$Cl);
push(@AtomsToDelete,$H);
}
}
# print "Cutoff Distance (A) Crosslinks Created\n";
print "
$Cutoff
$nbonds\n";
#
# Deletion of all calculated close contacts
#
$CloseContacts->Delete;
#
# Delection of reacted atoms (Cl & H)
#
my $AtomsToDelete_Set=$doc->CreateSet("",\@AtomsToDelete);
$AtomsToDelete_Set->Items->Delete;
#
# Geometry optimization
#
my $MaxIteGeom = 5000;
Modules->Forcite->LoadSettings("min");
Modules->Forcite->ChangeSettings([MaxIterations => $MaxIteGeom]);
Modules->Forcite->GeometryOptimization->Run($doc);
} #end of while loop
#
# MD relaxation
#
my $MaxIteDyn = 40000;
my $Time_step = 1;
Modules->Forcite->LoadSettings("dyn");
Modules->Forcite->ChangeSettings([NumberOfSteps => $MaxIteDyn, TimeStep =>
$Time_step]);
Modules->Forcite->Dynamics->Run($doc);
$doc->Close;

150

References
(1)
Kowalczyk, P.; Bhatia, S. K. Journal of Physical Chemistry B 2006, 110,
23770-23776.
(2)
Zhao, X. B.; Xiao, B.; Fletcher, A. J.; Thomas, K. M. Journal of Physical
Chemistry B 2005, 109, 8880-8888.
(3)
Chu, X. Z.; Zhou, Y. P.; Zhang, Y. Z.; Su, W.; Sun, Y.; Zhou, L. Journal
of Physical Chemistry B 2006, 110, 22596-22600.
(4)
Zecchina, A.; Bordiga, S.; Vitillo, J. G.; Ricchiardi, G.; Lamberti, C.;
Spoto, G.; Bjorgen, M.; Lillerud, K. P. Journal of the American Chemical Society 2005,
127, 6361-6366.
(5)
Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O'Keeffe, M.;
Yaghi, O. M. Science 2002, 295, 469-472.
(6)
Lin, X.; Jia, J. H.; Zhao, X. B.; Thomas, K. M.; Blake, A. J.; Walker, G.
S.; Champness, N. R.; Hubberstey, P.; Schroder, M. Angewandte Chemie-International
Edition 2006, 45, 7358-7364.
(7)
Yaghi, O. M.; O'Keeffe, M.; Ockwig, N. W.; Chae, H. K.; Eddaoudi, M.;
Kim, J. Nature 2003, 423, 705-714.
(8)
Cote, A. P.; Benin, A. I.; Ockwig, N. W.; O'Keeffe, M.; Matzger, A. J.;
Yaghi, O. M. Science 2005, 310, 1166-1170.
(9)
El-Kaderi, H. M.; Hunt, J. R.; Mendoza-Cortes, J. L.; Cote, A. P.; Taylor,
R. E.; O'Keeffe, M.; Yaghi, O. M. Science 2007, 316, 268-272.
(10) Cote, A. P.; El-Kaderi, H. M.; Furukawa, H.; Hunt, J. R.; Yaghi, O. M.
Journal of the American Chemical Society 2007, 129, 12914-+.
(11) Kaye, S. S.; Dailly, A.; Yaghi, O. M.; Long, J. R. Journal of the American
Chemical Society 2007, 129, 14176-+.
(12) McKeown, N. B.; Gahnem, B.; Msayib, K. J.; Budd, P. M.; Tattershall, C.
E.; Mahmood, K.; Tan, S.; Book, D.; Langmi, H. W.; Walton, A. Angewandte ChemieInternational Edition 2006, 45, 1804-1807.
(13) Ghanem, B. S.; Msayib, K. J.; McKeown, N. B.; Harris, K. D. M.; Pan, Z.;
Budd, P. M.; Butler, A.; Selbie, J.; Book, D.; Walton, A. Chemical Communications
2007, 67-69.
(14) McKeown, N. B.; Budd, P. M.; Book, D. Macromolecular Rapid
Communications 2007, 28, 995-1002.
(15) McKeown, N. B.; Budd, P. M.; Msayib, K. J.; Ghanem, B. S.; Kingston,
H. J.; Tattershall, C. E.; Makhseed, S.; Reynolds, K. J.; Fritsch, D. Chemistry-a European
Journal 2005, 11, 2610-2620.
(16) Lee, J. Y.; Wood, C. D.; Bradshaw, D.; Rosseinsky, M. J.; Cooper, A. I.
Chemical Communications 2006, 2670-2672.
(17) Germain, J.; Frechet, J. M. J.; Svec, F. Journal of Materials Chemistry
2007, 17, 4989-4997.
(18) Germain, J.; Hradil, J.; Frechet, J. M. J.; Svec, F. Chemistry of Materials
2006, 18, 4430-4435.
(19) Wood, C. D.; Tan, B.; Trewin, A.; Niu, H. J.; Bradshaw, D.; Rosseinsky,
M. J.; Khimyak, Y. Z.; Campbell, N. L.; Kirk, R.; Stockel, E.; Cooper, A. I. Chemistry of
Materials 2007, 19, 2034-2048.
151

(20) Wood, C. D.; Tan, B.; Trewin, A.; Su, F.; Rosseinsky, M. J.; Bradshaw,
D.; Sun, Y.; Zhou, L.; Cooper, A. I. Advanced Materials 2008, 20, 1916.
(21) Tsyurupa, M. P.; Davankov, V. A. Reactive & Functional Polymers 2006,
66, 768-779.
(22) Weber, J.; Antonietti, M.; Thomas, A. Macromolecules 2008, 41, 28802885.
(23) Roque-Malherbe, R. Adsortion and diffusion in nanoporous materials;
CRC Press, Taylor & Francis Group: Boca Raton, FL 2007.
(24) Materials Studio. Accelrys Inc.: San Diego, CA, 2008.
(25) Vitillo, J. G.; Ricchiardi, G.; Spoto, G.; Zecchina, A. Physical Chemistry
Chemical Physics 2005, 7, 3948-3954.
(26) Holck, O.; Siegert, M. R.; Heuchel, M.; Bohning, M. Macromolecules
2006, 39, 9590-9604.
(27) Heuchel, M.; Fritsch, D.; Budd, P. M.; McKeown, N. B.; Hofmann, D.
Journal of Membrane Science 2008, 318, 84-99.
(28) Tuckerman, M.; Berne, B. J.; Martyna, G. J. Journal of Chemical Physics
1992, 97, 1990-2001.
(29) Frenkel, D.; Smit, B. Undertanding molecular simulations: from
algorithms to applications; 2nd ed.; Academic Press: San Diego, CA, 2002.
(30) Allen, M. P.; Tildesley, D. J. Computer Simulations of Liquids; Clarendon
Press: Oxford, U.K., 1987.
(31) Nose, S. Molecular Physics 1986, 57, 187-191.
(32) Hoover, W. G. Physical Review A 1985, 31, 1695-1697.
(33) Sun, H.; Mumby, S. J.; Maple, J. R.; Hagler, A. T. Journal of the
American Chemical Society 1994, 116, 2978-2987.
(34) Sun, H. Macromolecules 1995, 28, 701-712.
(35) Hagler, A. T.; Lifson, S.; Dauber, P. Journal of the American Chemical
Society 1979, 101, 5122-5130.
(36) Lifson, S.; Hagler, A. T.; Dauber, P. Journal of the American Chemical
Society 1979, 101, 5111-5121.
(37) Sun, H. Journal of Physical Chemistry B 1998, 102, 7338-7364.
(38) Sun, H.; Ren, P.; Fried, J. R. Computational and Theoretical Polymer
Science 1998, 8, 229-246.
(39) Theodorou, D. N.; Suter, U. W. Macromolecules 1985, 18, 1467-1478.
(40) Leach, A. R. Molecular modelling: principles and applications; 2nd ed.;
Pearson Prentice Hall: Harlow, England, 2001.
(41) Wu, C. F.; Xu, W. J. Polymer 2006, 47, 6004-6009.
(42) Yarovsky, I.; Evans, E. Polymer 2002, 43, 963-969.
(43) Komarov, P. V.; Chiu, Y. T.; Chen, S. M.; Khalatur, P. G.; Reineker, P.
Macromolecules 2007, 40, 8104-8113.
(44) Duren, T.; Millange, F.; Ferey, G.; Walton, K.; Snurr, R. J. Phys. Chem. C
2007, 111, 15350-15356.
(45) Gelb, L. D.; Gubbins, K. E. Langmuir 1999, 15, 305-308.
(46) Rowsell, J. L. C.; Yaghi, O. M. Journal of the American Chemical Society
2006, 128, 1304-1315.

152

(47) Surble, S.; Millange, F.; Serre, C.; Duren, T.; Latroche, M.; Bourrelly, S.;
Llewellyn, P. L.; Ferey, G. Journal of the American Chemical Society 2006, 128, 1488914896.
(48) Keller, J. U.; Staudt, R. Gas Adsorption Equilibria: Experimental Methods
and Adsorptive Isotherms; Springer-Verlag: New York, 2004.
(49) Horvath, G.; Kawazoe, K. Journal of Chemical Engineering of Japan
1983, 16, 470-475.
(50) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, R. A.;
Rouquerol, J.; Siemieniewska, T. Pure and Applied Chemistry 1985, 57, 603-619.

153

Chapter 6
Conclusions and Future Research

In this work, we presented a parameterization strategy that allows one to obtain
polymer molecular parameters for SAFT-type equations of state (EoS) from a predefined
set of macroscopic properties for these EoS. We also proposed and implemented a
computational approach for the construction of amorphous polymer networks in order to
simulate their pore structure and gas adsorption properties.
We divided the project into three main areas: a) a detailed study of polymersolvent interaction parameters and second osmotic virial coefficients for polymer
solutions predicted from PC-SAFT EoS; b) a study of phase equilibria of binary and
ternary polymer solutions using the PC-SAFT model; and c) atomistic simulation of gas
adsorption in microporous poly(dichloroxylene) networks.
We first presented the application of the PC-SAFT model for the prediction of the
polymer-solvent interaction parameter χ and second osmotic virial coefficient A2 for
several polymer solutions. Calculations were performed for binary mixtures of
polyethylene, polypropylene, polyisobutylene, poly(dimethyl siloxane) and polystyrene
(nonassociating polymers), poly(butyl methacrylate) and poly(vinyl acetate) (polar
polymers), and poly(ethylene glycol) (associating polymer) with different associating and
polar solvents as well as nonassociating solvents. We calculated χ and A2 values as a
function of the temperature, pressure, polymer volume fraction and polymer molecular
weight and compared with experimental data and also with predictions from the Sanchez-
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Lacombe model. The PC-SAFT and SL predictions were capable of capturing the
behavior shown by the experimental data of both χ and A2. When compared with the SL
results, those of PC-SAFT were found to be more accurate for the studied binary
mixtures. These results demonstrate the reliability of the PC-SAFT EoS as predictive
model in describing thermodynamic properties of polymer solutions. The results obtained
in this work encouraged us to develop a parameterization scheme based on the χ
parameter that allows for the estimation of the PC-SAFT molecular parameters for
polymers.
We then presented a parameterization strategy that allows the calculation of
polymer molecular parameters from macroscopic properties of binary polymer solutions.
The proposed parameterization scheme was demonstrated by reference to the PC-SAFT
EoS, but can be applied to any molecular-based model. We proposed as properties the
polymer-solvent interaction parameter and the Hildebrand parameters of the polymer and
solvent, which take into account explicitly the molecular interactions between polymer
and solvent molecules. These properties are readily available in the literature for a wide
variety of solvents and polymers. In this way neither extensive experimental data nor
complex minimization methods are necessary. Using polymer parameters calculated from
the proposed parameterization strategy, the PC-SAFT model could satisfactorily predict
the phase equilibria behavior of binary and ternary polymer solutions with different
solvents, including nonassociating compounds such as n-alkanes, polar compounds such
as ethers, esters and ketones, and associating compounds such as alcohols. We then
examined the predictive capacity of the proposed parameterization scheme by obtaining
polymer parameters for polybutene, polyisoprene and polybutadiene, for which molecular
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parameters have not been reported previously. The use of these parameters yield
excellent predictions for the phase equilibria of the polymer solution systems studied in
this work. This demonstrates the reliability of the approach developed in this work for the
prediction of polymer parameters that are suitable for the description of thermodynamic
properties and phase behavior of polymer solutions.
We then proposed an extension of the parameterization strategy for the estimation
of PC-SAFT parameters for polar polymers in the framework of PC-SAFT EoS. Phase
equilibria predictions, gas solubility and polymer swelling behavior of binary and ternary
polymer solutions were performed to assess the performance of the PC-SAFT model
using polymer parameters computed from our approach. PC-SAFT predictions agreed
quantitatively with the available experimental data for the most part systems examined,
confirming the applicability and potential of the approach derived in this work. Future
efforts should focus on two areas: a) the application of the parameterization strategy to
associating polymers such as polyurethanes and polyamides using the total capabilities of
PC-SAFT to explicitly account for this complex formation, and b) the extension of the
parameterization scheme to other SAFT-type equations such as soft-SAFT and SAFT-VR
and other molecular-based models.
We proposed a computational procedure, based on a Perl script developed in
Materials Studio14 for building atomistic models of hypercrosslinked polyDCX networks
(based on the self-condensation reaction of dichloroxylene via Friedel-Crafts chemistry)
in order to simulate their pore structure and gas adsorption properties. The procedure was
demonstrated by reference to polyDCX networks, but can be extended to other polymer
networks. The constructed models were further refined by fitting to characterization data
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(i.e., bulk density, absolute density, pore volume and elemental composition). Simulation
samples were characterized by both specific surface area and pore size distribution. A
sensitivity analysis was performed to determine the minimum box size that should be
used in adsorption simulations. The selected box size was found to simulate reasonably
well the adsorption isotherms and isosteric heats for hydrogen and methane.
This computational approach can be used for simulating the behavior of other
adsorbed molecules (such as carbon dioxide, nitric oxide and oxygen, among others) and
also for probing the potential effects of changes to the polymer structure, for instance, the
inclusion of selected functional groups that can act as preferred adsorption sites and
hence, improve the adsorption and storage capacity of these materials. The fundamental
knowledge gained from these simulations can provide guidance in the design of novel
tailored-polyDCX networks.
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