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ABSTRACT: Molecular dynamics simulation is used to model the structure and thermodynamic properties
of a novel rubbery polymer with promising membrane properties for hydrocarbon separation. A realistic
united atom force field is developed based on extensive density functional theory quantum mechanics
calculations for a model dimer and volumetric data at various temperatures and pressures. Both a constant
bond length and a flexible bond length model are examined. Well-equilibrated structures of the polymer
melt at various conditions are used to evaluate numerous thermodynamic properties, such as the
isothermal compressibility, thermal expansion coefficient, and cohesive energy density, and structural
properties, including intra- and intermolecular distribution functions and the static structure factor. The
microscopic structure of the free volume of the polymer matrix and its evolution with time affects the
diffusion of penetrant molecules considerably; they are calculated accurately using the Greenfield and
Theodorou geometric analysis. The solubilities of various n-alkanes from methane to n-hexane at 300
and 400 K are calculated using the Widom test particle insertion technique. In all cases, simulation
results are in good agreement with literature experimental data for the volumetric properties of the
polymer melt and the solubility coefficients of n-alkanes in the polymer. In a forthcoming publication,
the transport properties of these systems and the underlying molecular mechanisms will be examined.

1. Introduction

Permselective membranes are increasingly used today
in a wide range of applications that include air separa-
tion, hydrogen separation, natural gas separation/
fractionation, etc.! Membrane technology provides a
number of advantages over other traditional technolo-
gies, such as low energy consumption, mild operating
conditions, no environmental pollution, process continu-
ity and flexibility, easy scalability, space savings, and
modular plant design. The physicochemical properties
that determine whether a given polymer is, in principle,
suitable for a specific mixture separation are the sorp-
tion coefficient, S, and the diffusion coefficient, D, for
each of the mixture components in the polymer. The
permeability coefficient, P = DS, is further used for the
calculation of permselectivity, aas. For a specific binary
mixture of components A and B, aas = Pa/Pg. For
industrial applications, P;j must be as high as possible
whereas, at the same time, aag should be very different
from unity to facilitate separation. In general, experi-
mental data show that pairs of liquid and/or gas
components with high permeability exhibit low perm-
selectivity values, and vice versa.?
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In most industrial applications utilizing polymeric
membranes, glassy polymers are preferred.® In glassy
polymers, permeselectivity is typically controlled by the
diffusivity of the penetrants (diffusion controlling mech-
anism), so that these polymers normally operate by
favoring passage of the lighter component(s) of the
mixture.* On the other hand, permeability in rubbery
polymers is mainly solubility driven, and so rubbery
polymers are suitable for separation of mixtures where
the heavy component(s) is (are) recovered.*

The diffusion coefficient and the solubility coefficient
are macroscopic properties that depend strongly on the
molecular structure of the polymer and penetrants and
related microscopic mechanisms (i.e., intra- and inter-
molecular interactions, free-volume change etc.). Mo-
lecular simulation, using realistic force fields, is a
powerful tool for the elucidation of molecular mecha-
nisms and provides quantitative structure—macroscopic
property relationships. For this reason, molecular simu-
lation has become a design tool for novel polymeric
materials with tailor-made end use properties.

This work is relevant to the design of a membrane
process for the separation of natural gas heavy hydro-
carbon components (C4+) from the lighter components.
A rubbery polymeric membrane is required. The most
widely used rubbery membranes for industrial applica-
tions of this type are poly(dimethylsiloxane) and its
derivatives.> However, the Si—O backbone bonds in
these polymers are vulnerable to sulfuric compounds
found in natural gas. In this work, a rubbery polymer
containing Si—C bonds in the backbone, namely poly-
(dimethylsilamethylene) (PDMSM), is examined as a

© 2004 American Chemical Society

Published on Web 01/16/2004



Macromolecules, Vol. 37, No. 3, 2004

Figure 1. Schematic representation of PDMSM examined in
this work.

potential membrane material.

Initially, a realistic united-atom (UA) force field is
developed that describes accurately the PVT properties
of the polymer melt over a wide temperature and
pressure range. Polymer melts at various temperature
and pressure values are examined based on extensive
molecular dynamics (MD) simulations. A number of
polymer melt configurations are analyzed using the
Greenfield and Theodorou method® in order to deter-
mine the free-volume structure of the polymer and its
change with time, which affects considerably the perme-
ability of the hydrocarbon penetrants.

Subsequently, the infinite dilution solubility coef-
ficient of various n-alkanes (methane through n-hexane)
in PDMSM at 300 and 400 K is calculated using the
Widom test particle insertion method. Finally, the
enthalpy of sorption of n-alkanes in PDMSM s calcu-
lated. Simulation results are in excellent agreement
with experimental data in all cases.

2. Force-Field Development

A schematic representation of the polymer examined
in this work is given in Figure 1. In this scheme,
hydrogen atoms in the methyl and methylene groups
are not shown explicitly, in line with the UA force field
developed here. UA force fields are used widely to model
hydrocarbons,”® polyolefins,® and other organic com-
pounds with a high content in hydrogen atoms. This
simplification does not affect the accuracy of the ther-
modynamic properties calculated through molecular
simulation. Some deviation from all-atom force-field
predictions may be possible for the transport properties
of light penetrants (i.e., hydrogen, nitrogen, etc.) in the
polymer.1® However, this work focuses on the perme-
ability of methane and heavier hydrocarbons in the
polymer of interest, and so the UA force field is
considered to be reliable for all properties calculated.

For chain molecules, the potential energy function is
written in general as the sum of the contributions due
to bond stretching, bond angle bending, dihedral angle
torsion, and nonbonded intra- and intermolecular in-
teractions, according to the general expression!

Vtotal(rl’""rN) =V + Vbending + Vtorsion +

V

stretching

non—bonded
= V() + Z V(9,) +
all bond angles

all bonds

V() + Z V(ry) (1)
all torsional angles all pairs
where |;, 6, and ¢; denote bond length, bond angle, and
torsional angle, respectively and rj is the distance
between sites i and j. Bond stretching is much faster
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than bond angle bending and dihedral angle torsion and
has relatively small effect on the physical properties
examined here. Furthermore, by assuming bonds of
constant length, a larger time step can be used to
integrate the equations of motion in molecular dynam-
ics. In the force field developed here, constant bonds
were mainly used. However, to test the effect of bond
stretching, representative calculations were performed
with the same force field with the addition of a harmonic-
type potential for bond stretching, of the form

LT
V() =54~ 1) @

A similar expression is used for bond angle bending,
that is

V() = 26, 0,,° ©)

In both egs 2 and 3, subscript o denotes the value at
the minimum of the respective potential.

For the torsional potential, almost always a cosine
series expansion is used. The polymer under consider-
ation possesses a single type of torsion angle, CH,—Si—
CH,—Si. The following functional form is proposed,
based on extensive quantum mechanical density func-
tional theory (DFT) calculations, briefly discussed below:

Vd)i‘0
V(gy) = T(l — cos 3¢) (4)

Nonbonded intra- and intermolecular nonpolar interac-
tions are calculated through a 6—12 Lennard-Jones

potential:
B ﬂ 12 3 ﬂ 6
Vi = 4€ij[(rij) (rij

where € and ¢ are the energy and size Lennard-Jones
parameters. Interactions between unlike segments (i =
J) in the same or different molecules are calculated using
the Lorentz—Berthelot combining rules:

€ij = W €ii€jj (6)
o + 0
0jj = % )

(5)

Bonded parameters in eqs 2—4 are typically calculated
based on spectroscopic experimental data. For the
polymer under consideration, no experimental data on
structure were available, and so extensive quantum
mechanics calculations were performed on a small
model molecule resembling the corresponding dimer of
PDMSM, that is di(trimethylsilyl)methane, (CH3)3;SiCHa-
Si(CHy)s. Details of this work are given elsewhere,? and
only a brief description is given here.

The main purpose of such calculations was to deter-
mine the minimum energy configuration, as well as the
energy differences between that geometry and other
representative configurations, characterized by specific
bond and dihedral angle value combinations. Density
functional theory (DFT)%2- was employed. Specifically,
the B3LYP3~d functional with the 6-311G%¢~ basis set
was used. Unlike other levels of theory, e.g. Hartree—
Fock, DFT accounts for electron correlation effects.

The B3LYP abbreviation corresponds to a hybrid
functional given by the combination of a Becke three
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parameter nonlocal functional (B3), describing the
gradient-corrected exchange energy of electrons, and the
nonlocal functional of Lee, Yang, and Parr (LYP),
describing the gradient-corrected correlation energy of
the electrons. The employed level of theory provides high
accuracy at a moderate cost in CPU time, disk space
and physical memory, in relation to perturbation and
configuration interaction methods of comparable ac-
curacy. 6-311G is a triple split valence basis set and
assumes three sizes of contracted functions for each
atomic orbital type. The selected basis set does not
include diffuse or polarization functions, since the
system is neutral and contains no lone-pair electrons.
To ensure further that this basis set provides reliable
results, more than 10 different points were examined
thoroughly, including the minimum energy configura-
tion, with the 6-311G** basis set, instead of the 6-311G
one. Results and conclusions regarding geometry con-
formations and energy differences with the two basis
sets were exactly the same. Therefore, it was securely
determined that elimination of the polarization basis
functions from the selected basis set is permissible; this
resulted in an approximately 30% savings in CPU time
(193 basis functions instead of 298 ones).

The structure with the global lowest energy is the one
characterized as the equilibrium structure. Using those
geometric parameters, a calculation of the frequencies
of all vibrational modes was carried out and a determi-
nation of the zero-point energy (ZPE) was possible. This
is the energy possessed by the vibrational modes of the
system at the temperature of 0 K, as a result of
Heisenberg’s uncertainty principle. ZPE inclusion be-
comes essential for a proper determination of the energy
difference between the minimum energy structure and
any other molecular conformation of interest.

Di(trimethylsilyl)methane consists of 29 atoms (2 Si,
7 C, and 20 H). The starting geometric parameters were
drawn from a previous similar molecular mechanics
calculation.38 The equilibrium structure corresponds to
the trans—trans configuration (with respect to the
dihedrals of the backbone). Variation of these dihedral
angles with a step size of 30° and minimization with
respect to all other degrees of freedom than the torsion
angles produced the conformational energy map. The
symmetry of the conformational energy plot with respect
to the two dihedrals of the dimer reflects the highly
symmetric nature of the specific molecule. The func-
tional form of eq 4 reflects this symmetry. V,,, was fitted
to the energy barrier in the conformational energy map,
and a value of 1.075 kcal/mol was obtained.

In addition, a series of calculations were carried out
for structures near the equilibrium structure (torsion
angles fixed in the trans state) with a slight variation
(a step size of 1° was used) in (i) the silicon-central
carbon—silicon angle, (ii) the methyl carbon—silicon—
methyl carbon angle, and (iii) the methyl carbon—
silicon—central carbon angle. The resulting energies
(after minimization with respect to the remaining
degrees of freedom) were used to parametrize the
bonded potentials (bond length and bond angle, eqs 2
and 3). In the molecular simulations, both Si—CHj; and
Si—CH; bond lengths are set constant and equal to 1.91
A, unless otherwise stated. Parameter values for the
bond angles are given in Table 1.

Intramolecular Lennard-Jones interactions are di-

vided into local and nonlocal interactions. Local Len-
nard-Jones interactions are those between sites that are
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Table 1. Parameters of the Force Field for the Bond
Angles in PDMSM

6i o (degrees)

bond angle (i) Ko.i (kcal/mol deg?)

Si—CH»—Si 123.06 0.034
CH>—Si—CH> 107.72 0.036
CH3—Si—CH3s 109.23 0.026
CH3—Si—CH> 109.95 0.036

Table 2. Lennard-Jones Parameters for Local (1-4 and
1-5) Intramolecular and Nonlocal (1-6 and beyond)
Intramolecular and Intermolecular Interactions

local interactions nonlocal interactions

site € (kcal/mol) o (A) € (kcal/mol) o (A)
Si 0.791 2.370 0.585 3.385
CH; 0.289 3.407 0.091 3.750
CH3 0.289 3.407 0.210 4.106

three or four bonds apart (1—4 and 1-5 pairs, respec-
tively). Nonlocal interactions are active between atoms
that are farther apart. The Lennard-Jones parameters
for the local interactions were also fitted to DFT results
in order to reproduce the quantum mechanically calcu-
lated conformation energy map. Nonlocal parameters
were set equal to the intermolecular Lennard-Jones
parameters, fitted to polymer melt PVT properties as
explained below. All Lennard-Jones parameter values
are shown in Table 2.

3. Simulation Details

MD simulations were performed using a fifth-order
Gear predictor—corrector algorithm for solving the
equations of motion. Simulations with the constant bond
length force field were based on the Edberg et al.’*
constrained dynamics scheme. The equations of motion
were solved in Cartesian coordinates, utilizing holo-
nomic constraints on the bond lengths.

As a result, the coordinates of each site are not
independent. Constraint forces are evaluated by intro-
ducing appropriate Lagrange multipliers that prevent
bonds from deformation. Introducing an index scheme
to facilitate enumeration of the sites of the polymer
(Figure 1), the dynamics of a chain molecule can be
described by the following equations:

Fi A4
¥, = m. m_Rl (8)
3 3
Y=
Fas  Asios Agii-1) .
m_2 - m_z 4i—-3 + T2R4(I_l) 1= 2,...,n (9)
Faico  Aaiz .
Yy, = ”;3 - m;3R4i_2 i=1,..n  (10)
Faici Aica .
Yy, = n;3 - m;3R4i,1 i=1,..n  (11)
F. As_ Asi Aui_
Y4 = F‘“ + #Rm—s + #Rm—z + #Rm—l -
1 1 1 1
@R L i=1,..n (12)
m, 4
F4n+l /14n
r = +—R (13)
4n+1 m3 m3 4n

where n is the total number of monomer units (the
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monomer unit is CH,Si(CHz3),) per chain molecule, Fj is
the force on site i due to the potential energy function
V(ry,...,rn), Ri is the corresponding bond vector (R; =
ry — ri, Ryi-3 = rai — rgi-3, Rai2 = r4i—2 — Fai, R4i-1 =
rai-1 — V4, Rai = Faiv1 — Vai, Ran = rant1 — Fan), i is the
Lagrange multiplier, and m;, m,, and ms are the masses
of Si, CH,, and CH3 UA, respectively. Indices 4i and 4i
— 3 correspond to Si and CH; while all other indices
correspond to CHs.

The predictor—corrector scheme for the numerical
solution of equations of motion in time introduces a
small numerical error that propagates. The following
penalty functions are minimized for each chain molecule
when their values exceed a preset tolerance, to ensure
proper chain structure:14

o= z(rij2 —d;?)? (bond penalty function) (14)
]

P = z(rij~f’ij)2 (bond variation penalty function)
! (15)

The majority of MD calculations in this work were
performed in the NPT ensemble. The extended statisti-
cal ensemble technique of Nosé and Klein was imple-
mented.’® In the extended ensemble under consider-
ation, the following expanded Hamiltonian is conserved:

pi2 p52 2

H= + Vit + — + kT Ins +
T2m;s° 2Q 18wL*

Peel® + Zin(an — R)) (16)

+

ext

where
p; =m;s’t, p,=Qs, p_=9WL"L (17)

where f = (4n + 1)N¢, is the number of degrees of
freedom of the system, s is the degree of freedom
corresponding to the heat bath used to control the
temperature, L is the length of the box edge, W and Q
are the inertia parameters associated with s and L,
respectively, and Pey: is the externally set pressure. The
equations of motion are derived in line with the proce-
dure described in ref 16, p 47, taking into account the
holonomic constraints imposed in order to fix the bond
lengths.

The instantaneous pressure of the system, Pjn, is
calculated in the course of the simulation. It has been
shown!” that the molecular virial expression and the
atomic virial expression for the instantaneous pressure
provide practically the same results. Furthermore, the
molecular virial is computationally faster as it requires
only intermolecular interactions, and thus it is used in
this work to evaluate the pressure. In this respect, the
functional form proposed by Theodorou et al.18 is used.

Finally, a Lennard-Jones truncated potential was
used to ensure smooth transition to zero at long
distances:

0::\12 o..\6
4ei.[(l) - (J) ] if 0 < r; < 1.450;;
I\r.. r.. 1] ij
L.J = Ul U]

V: .
v quintic spline”  if 1.450;; < ry; < 2.330y;
0 if 2.330; <1,
(18)
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The appropriate tail corrections were computed to
account for the truncation. The neighbor list technique
(known also as the Verlet list'®) was incorporated to
reduce unnecessary computations.

The system used for the simulation of pure PDMSM
melt consisted of three chains (N, = 3) with 80
monomeric units each (n = 80), that is 963 interacting
sites in total. The molecular weight of the simulated
polymer is 5775, a sufficiently high value for the
accurate representation of physical properties of inter-
est. In all cases, periodic boundary conditions were
applied to the cubic simulation box, whose size was
allowed to fluctuate during the run. In all cases, the
initial structures were obtained using the Cerius?
software package of Accelrys Inc. with the Dreiding force
field.2° A combination of the steepest descent and
conjugate gradient methods was used for a fast and
efficient minimization of the potential energy followed
by 1 ns of MD simulation for equilibration. The criteria
for equilibration used throughout this work were based
on geometric characteristics of the chains (i.e., smooth
torsion angle distribution) and on the stability of the
running averages for the total energy and its constitu-
ents, and the density of the system. In all cases, such
criteria were satisfied within the first ns of MD simula-
tion. Production runs were at least 5 ns long. Through-
out the MD runs, a constant time step of 0.5 fs was used.

In each production run, 5000 configurations were
recorded at equal time intervals. These configurations
were used for the calculation of various structure and
thermodynamic properties of the polymer and for the
evaluation of the chemical potential of light n-alkanes
using the Widom test particle insertion method.?!

According to Widom’s method, the chemical potential
is calculated from the ratio of the partition function of
a system containing N + 1 molecules divided by the
partition function of a system containing N molecules,
where both systems are under the same conditions of
temperature and volume or pressure. Here, the “ghost”
molecule is an n-alkane molecule that is inserted
randomly into the simulated system. The interaction
energy of the “ghost” molecule with the remaining
molecules (Ugnost) is evaluated and used for the calcula-
tion of the excess chemical potential («®¥) of the compo-
nent:

1 .
v VxR AU

puiEn) @momunm] T
In @Xp(_ﬂug;gsat) m:ieal gas (19)

where = 1/KT. The brackets in eq 19 denote ensemble
averaging over all configurations and spatial averaging
over all “ghost” molecule positions. Superscripts intra
and inter refer to the intramolecular and intermolecular
interactions, respectively. For methane, ethane and
propane, the intramolecular interactions are zero.

To ensure good statistics, a large number of n-alkane
molecule insertions were attempted per polymer con-
figuration, from 10 000 insertions for methane up to
400 000 insertions for n-hexane. Furthermore, for n-
butane, n-pentane, and n-hexane insertions a continu-
ous configurational bias method was employed to fa-
cilitate insertion.?? Such an approach has been shown

——%In
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to be very effective for at least up to n-hexadecane
molecule insertions.?? The Henry's law constant of an
n-alkane dissolved in the polymer can be easily evalu-
ated from the expression:

Ho = im PR (s (20)
alk—pol Xa—0 MWpoI alk:

ppol being the mass density of the polymer. For polymer
mixtures, it is more convenient to use a Henry's law
constant based on weight fractions, H', rather than
based on mole fractions (given in eq 20). It is

MW,

Hauﬁpoum
a

é\lkﬂpol = (21)

where MWqx and MW, are the molecular weight values
for the n-alkane and the polymer, respectively. The
excess chemical potential may be also used for the cal-
culation of the solubility coefficient at infinite dilution:

22400 cm*(STP)/mol . ox
S0 - RT X!ulkrDO eXp(_,Bﬂa“()
(22)
where S, is in cm3(STP)/(cm? pol atm).

4. Results and Discussion

4.1. Thermodynamic Properties of PDMSM Melt
and Its Corresponding Oligomers. Lennard-Jones
parameters for nonlocal intramolecular and intermo-
lecular interactions were adjusted to reproduce best the
polymer melt density at different temperature and
pressure values and the density of tetramethylsilane,
Si(CH3)4, along the saturation line. Initially, the Si
Lennard-Jones parameters were set equal to the param-
eters proposed by Sok et al. for PDMS transport prop-
erties.?® Sok et al. used an electrostatic term to model
accurately the partly ionic character of the Si—O bond.
On the other hand, the Si—C bond is largely covalent;
thus, the Lennard-Jones potential is sufficient to de-
scribe nonbonded dispersion interactions. As a result,
PDMS parameters for Si are only a first approximation.

For the case of CH, and CHg3 groups, both the
TraPPE’ and the NERD® models were considered. These
two models were developed to reproduce accurately the
saturated liquid and vapor densities and the vapor
pressure of the entire homologous series of n-alkanes,
including polyethylene oligomers. MD calculations at
300, 350, and 400 K and 0.1 MPa on the order of 5 ns
each were performed and compared to experimental
data from different sources. In all cases, the simulated
melt density was of the order of 15% above the experi-
mental value.

As the majority of Lennard-Jones sites in the polymer
of interest are CHj3 (50%) and CH, (25%) groups and
only 25% are Si atoms, an attempt was made to modify
these group parameter values in a consistent way. In
both TraPPE and NERD models for hydrocarbons, o for
CHj3 is smaller than o for CH,, which is physically
unrealistic. Despite this deficiency, both models are very
accurate for n-alkanes. In the model developed here for
PDMSM, the following constraint was imposed: ocn, >
OCHy-

The next step was to simulate Si(CH3)4 at the normal
boiling point (280 K). A system of 120 molecules was
simulated in the NPT ensemble. Six different sets of
Lennard-Jones parameter values were tested in which
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Figure 2. Saturated liquid density of Si(CHj3),. Experimental
data (line?*) and MD simulations (points) with the newly
developed force field.

Table 3. Melt Density of PDMSM (in g/cm?3) from NPT MD
Simulations at Various Temperatures and Pressures

P (MPa) T =300K T=350K T=400K
0.1 0.927 £0.001  0.901 +0.0002  0.877 & 0.0002
80 0.950 +£0.002 0.936+0.001  0.914 + 0.001
160 0.968 +£0.002 0.959+0.001  0.941 + 0.001

either one or both € and o for CHz were varied by +5%
and +10% about the corresponding TraPPE values.
Each simulation lasted for 1 ns with a time-step of 0.5
fs. It turned out that density calculation is by far more
sensitive to o variation compared to e variation. The
optimum set of the nonlocal intramolecular and inter-
molecular parameters is shown in Table 2. This set was
used subsequently for the calculation of saturated liquid
density of Si(CH3)4 at 340 and 400 K, as shown in Figure
2. In all cases, excellent agreement was obtained
between experimental data?®* and MD simulations.
Furthermore, an NPT MD simulation was performed
to calculate the density of Si(CHgz)s at 20 °C and 0.1
MPa. The resulting value was 0.769 g/cm? compared to
the experimental one of 0.752 g/cm?3.25

The new force field was subsequently used to calculate
the PDMSM melt density at 300, 350, and 400 K. In
each temperature, three different pressure values were
examined that is 0.1, 80, and 160 MPa. The results are
summarized in Table 3, and the statistical uncertainty
reported is obtained from block averaging analysis (five
blocks).

PDMSM melt densities in the temperature range
296—308 K and 0.1 MPa have been measured by several
authors and there is agreement between different
sources.?6730 Furthermore, the MD calculation at 300
K is within less than 2% from these experimental data.
Maier et al.’% reported experimental PVT data for
PDMSM over an extensive temperature (303—513 K)
and pressure (0—200 MPa) range. There is considerable
deviation between the data of Maier et al. and the data
from all other sources. Furthermore, simulation results
also deviate from these data by approximately 5%. In
Figure 3, all literature experimental data and MD
results are shown for comparison. In view of this scatter
in the experimental data, no further adjustment of the
force field was performed.

The volume fluctuations recorded during the MD
simulation can be used to calculate the isothermal
compressibility of the polymer melt, «xr = — (1/V)(0V/
oP)T, based on the expression:

_ vo- i

= 23
Kt VI (23)
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Figure 3. PDMSM melt density at different temperatures and
pressures. Experimental data at 0.1 MPa (O from ref 26; +
from ref 27; x from ref 28; ® from ref 29; & from ref 30), 80
MPa (O from ref 30), and 160 MPa (a from ref 30) and NPT
MD simulations at 0.1 MPa (¢), 80 MPa (), and 160 MPa
(a). In the inset, experimental data and MD simulations are
shown for 0.1 MPa only.

Table 4. Isothermal Compressibility (kt x 10* MPa~1) of
PDMSM from MD Simulations at Various Temperatures
and Pressures

P (MPa) T=300K T=350K T =400 K
0.1 35+10 49419 7.7+34
80 3.6+20 21407 45+36
160 19+1.2 23+07 31+1.3

In Table 4, MD simulation results are reported for
various conditions. Experimental values of «t for PDMS
are not available in the literature. For the majority of
known polymers, «t is typically in the range 2—5 x 10~
MPa~! .31 From the Maier et al. PVT data,®° a value of
4.2 x 1074 MPa! is obtained at 300 K and 0.1 MPa, in
good agreement with simulation results.

Furthermore, the thermal expansion coefficient, a, =
(1/V)(aVIaT)p, can be calculated numerically from the
expression:

AlVO

ap VAT (24)
The MD simulation value at 300 K and 0.1 MPa is 0.58
x 1073 K- whereas the experimental value is 0.6 x 1073
K~1.26 Finally, the cohesive energy density, d, from MD
at 300 K and 0.1 MPa is equal to 8.5 + 0.3 (cal/cm?3)1/2,
which compares very well with the experimental value

of 8.02 (cal/cm?3)/2 27
All calculations reported so far were based on a force
field with constant bond lengths. To quantify the effect
of constant bonds, a harmonic potential was tested for
bond stretching (eq 2) where k; = 128 (kcal/mol)/A2 for
all bonds. Each of three initially different configurations
was subjected to two NPT MD simulations at 300 K and
0.1 MPa using the constant bond length and variable
bond length potentials, respectively. In all cases, the
simulation time was 1 ns for equilibration and 5 ns for
production. The density predicted from the variable
bond length potential was 0.5% higher than the density
from the constant bond length potential (statistical
uncertainty in density was less than 0.1%). The iso-
thermal compressibility, «t, from the variable bond
length potential was 24% higher than the value from
the constant bond length potential (however the statis-
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Figure 4. Total intramolecular pair distribution function
®rot.(F)/pideas Of PDMSM at 300 K and 0.1 MPa from NPT MD
simulation (—, constant bond model; —, variable bond model).
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Figure 5. Total intermolecular pair distribution function

Ot (r), of PDMSM at 300 K and 0.1 MPa from NPT MD
simulation (—, constant bond model; —, variable bond model).

tical uncertainty here is of the order of 10—25%) and
the cohesive energy density, ¢, from the two potentials
was practically the same (within the statistical uncer-
tainty of 2%). In conclusion, the introduction of flexible
bonds has very small effects on the thermodynamic
properties of the polymer melt.

4.2. Structural Properties of PDMSM. In the
course of MD simulation, system configurations were
stored every 1 ps and subsequently analyzed with
respect to the structure and other properties of the
polymer melt. The total intramolecular pair distribution
function (all types of sites are taken into account),
1ot (1) pidear (Pideal = Nsites/V, Where nNsiees is the number
of sites per chain and V is the volume of the simulation
box) of PDMSM at 300 K and 0.1 MPa is shown in
Figure 4. Calculations are shown for both constant bond
and variable bond potentials. At small distances, in-
tramolecular structures from the two models are practi-
cally identical. However, at longer distances, the vari-
able bond potential results in slightly more contracted
chains compared to the constant bond length one. This
microscopic behavior is consistent with higher density
values for the variable bond potential, as reported above.

In Figure 5, the total intermolecular pair distribution
function gyt (r) from the two models, at 300 K and 0.1
MPa is shown. The results are very similar, and only
at long distances are some small deviations detected.

Intramolecular and intermolecular pair distribution
functions were also calculated for the individual pairs



1108 Raptis et al.

08 f

So6t

02§

r &)

Figure 6. Intermolecular pair distribution functions for (top)
Si—Si, CH;—CHj,, and CH3—CHj3; and (bottom) Si—CH,, Si—
CHjs, and CH,—CHj3; of PDMSM at 300 K and 0.1 MPa using
the constant bond potential from NPT MD simulation.
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Figure 7. Dihedral angle distribution for PDMSM at 300 K
and 0.1 MPa from the constant bond length (—) and variable
bond length (—) models at 300 K and from the constant bond
length (—) model at 400 K.

of the same (Si—Si, CH;—CH,, and CH3—CHg3) or
different (Si—CH,, Si—CHj;, and CH,—CH3) types of
sites. In Figure 6, results are shown for the intermo-
lecular pair distribution function using the constant
bond potential at 300 K and 0.1 MPa. Predictions from
the variable bond potential are similar. At relatively
short distances, gch,-cHs(r) has a pronounced peak
followed by a peak of lower height for gsi—cH,(r). The
remaining pairs of sites exhibit maximum values at
relatively longer distances. No X-ray data are available
in the literature to verify these predictions. In all cases,
the behaviors are similar at 350 and 400 K, with the
exception that the intensity of the peaks gradually
decreases.

The dihedral angle distribution for PDMSM at 300
K and 0.1 MPa is shown in Figure 7. Although a 3-fold
rotational symmetric torsional potential was adopted (eq
4), 1-4 nonbonded interactions result in a strong
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Figure 8. Static structure factor, S(k), of PDMSM at 300 K
and 0.1 MPa using the constant bond potential.

preference for the trans state (at 0°), compared to the
gauchet and gauche™ states. Furthermore, the bond
flexibility tends to lower the occurrence of the trans
state in favor of the other two states. At 400 K, the
distribution around all three equilibrium states, as
predicted from the constant bond potential, is broadened
so that all three peaks are lowered, compared to 300 K.

The structure of PDMSM melt was further examined
through the static structure factor, obtained from a
Fourier transform of the overall pair distribution func-
tion (Geot. (1) + @iot.(r)/pidear). Details of the calculation
scheme used can be found in ref 17. The atomic
structure factors used in the calculations were obtained
from the literature.32 In Figure 8, S(k) at 300 K and 0.1
MPa is shown as a function of scattering vector, k. No
experimental data are available for this polymer. The
peak at low k values reflects intermolecular correlations,
whereas at higher k values it reflects intramolecular
correlations. Calculations from the flexible bond model
are practically identical to the data from the constant
bond length potential and are not shown here.

4.3. Free Volume Analysis of PDMSM. The free
volume of the polymer accessible to penetrant molecules
is a property that affects considerably both the solubility
and diffusivity of these molecules. In this work, the melt
structure of PDMSM was analyzed using the Greenfield
and Theodorou technique.® The first step in the Green-
field—Theodorou approach is a geometric analysis of
accessible volume within the polymer configuration. The
goal of this geometric analysis is to determine (a) where
within the polymer matrix, the center of a spherical
penetrant-probe may reside, (b) how the shapes of these
accessible regions are distributed and connected, and
(c) how the accessible regions change with penetrant
size.

The geometric analysis is performed for hard-sphere
probes of various radii. For the purpose of this analysis,
each polymer atom is assigned a hard-sphere radius
(taken here as 0.99 of the Lennard-Jones radius of the
atom). The first step in the analysis is a Delaunay
tessellation of space within the polymer configuration
into tetrahedra. Each Delaunay tetrahedron has its
apices on four atoms that are nearest neighbors; it
potentially defines an elementary interstitial space
within the polymer (see Figure 1 in ref 6). The accessible
volume inside each tetrahedron is then calculated for
the considered probe radius; this is the volume, within
the tetrahedron, wherein the center of the spherical
probe may reside without overlapping with the polymer
atoms. If the common triangular face between two
tetrahedra is sufficiently open to allow passage of the
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Figure 9. Accessible volume (shown in dark) for a typical
PDMSM configuration at 300 K and 0.1 MPa for a penetrant
molecule with hard-sphere radius of 1.4 A (left) and for
methane (right). The simulation box edge is 31.5 A.
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Figure 10. Fractional free volume for different probe radii
for a typical PDMSM configuration at 300 K and 0.1 MPa
using the Greenfield and Theodorou analysis.® In the inset, a
logarithmic plot is shown for clarity.

spherical probe from the accessible region of one tetra-
hedron to that of the other, these tetrahedra are said
to be connected. Using this criterion of connectedness,
along with a clustering algorithm, the accessible space
within the polymer is subdivided into clusters of acces-
sible volume, each cluster consisting of several tetra-
hedra.

Clusters of accessible volume are determined for a
range of hard-sphere probe radii, starting from a radius
representative of the penetrant of interest and progress-
ing to smaller and smaller radii, until percolation of
accessible volume throughout the polymer configuration
is observed. For large probe radii, accessible volume
clusters tend to be few, small, and disjoint. As the probe
radius is decreased, clusters grow in size and new
clusters emerge. Clusters that were originally discon-
nected come together at “necks” of accessible volume and
merge into single clusters.

In Figure 9, the clusters of accessible volume for a
small penetrant (with a hard-sphere radius of 1.4 A, left)
and for methane (with a hard-sphere radius of 1.84 A,
right) are shown for a typical well-equilibrated PDMSM
configuration. The accessible volume decreases dramati-
cally as the penetrant molecule size increases. This is
also evident from Figure 10, where the fractional free
volume is shown as a function of the probe radius.
Furthermore, in Figure 11, the cluster size distribution
is shown for a penetrant of hard-sphere radius of 1.1
A. The majority of clusters are of volume lower than
1.1 A3, and most of them are even below 0.5 A3. Only a
few clusters have a volume larger than 2 A3,

For the diffusion process, the dynamic evolution of
accessible volume of the polymer is very important. In
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Figure 11. Cluster size distribution for a penetrant of hard-
sphere radius equal to 1.1 A.

glassy polymers, the characteristic times are very long
so that the accessible volume undergoes very small
changes even after several ns.® On the contrary, acces-
sible volume changes fast in rubbery polymers. Figure
12 consists of a series of pictures, at different times,
illustrating the clusters of accessible volume in a typical
PDMSM configuration at 300 K and 0.1 MPa for (a) a
methane penetrant and (b) a hard-sphere penetrant
with 1.4 A radius. The first picture in both cases was
obtained after 4.91 ns of NPT MD. Each subsequent
picture differs from the previous one by 10 ps. Interest-
ingly, the topology of accessible volume changes con-
siderably within the time frame examined, allowing
relatively fast diffusion of the penetrant molecules. In
both cases, relatively larger clusters prevail for a longer
time compared to smaller clusters.

4.4. Solubility of n-Alkanes in PDMSM. The
Widom test particle insertion method was used to
calculate the excess chemical potential of n-alkanes,
from methane to n-hexane, in PDMSM at 300 K and
0.1 MPa. In each of the 5000 PDMSM configurations
taken from the MD simulation of the melt, a large
number of n-alkane molecule insertions were attempted.
As expected, for larger n-alkane molecules the rate of
“successful insertions” decreases. A “successful inser-
tion” is defined as the insertion where rajk—po > 0.70,,—pol
for all inserted molecule and polymer segments, where
laik—pol IS the distance between a segment of the inserted
molecule and a polymer segment and ocak-pol is the
Lennard-Jones parameter for this pair of segments.

To maintain an approximately constant number of
“successful insertions”, the number of attempted inser-
tions per configuration were as follows: 10 000 for
methane, 20 000 for ethane, 50 000 for propane, 100 000
for n-butane, 200 000 for n-pentane, and 400 000 for
n-hexane. In all cases, n-alkanes were modeled using
the TraPPE force field, a very accurate model for the
thermodynamic properties of such compounds.” In
TraPPE, bond lengths are kept constant and equal to
1.54 A for all C—C bonds.

Furthermore, to overcome problems associated with
the slow relaxation of the polymer matrix that is not
captured effectively by MD techniques and may affect
u calculations significantly, a series of 6 ns long MD
runs of PDMSM melt were performed at 300 K and 0.1
MPa with different initial configurations. Overall, 8
initially different structures were examined. Density,
isothermal compressibility, and cohesive energy values
from these runs were close to each other for all struc-
tures and to corresponding experimental values, ensur-
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Figure 12. Evolution of accessible volume (shown in dark)
for PDMSM at 300 K and 0.1 MPa for (a) a methane molecule,
and (b) a spherical molecule of hard sphere radius of 1.4 A.
The time indicated for each configuration is the elapsed time
from the beginning of the MD simulation. The simulation box
edge is 31.5 A.

ing that all structures are realistic representations of
PDMSM. More specifically, ppo = 0.924 &+ 0.001 g/cm?,
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Figure 13. Weight fraction Henry's law constant of n-alkanes
in PDMSM at 300 K and 0.1 MPa. Experimental data?® (¢)
and molecular simulation predictions from the constant bond
length (O) and variable bond length (A) models are given.
Molecular simulation predictions at 400 K and 0.1 MPa using
the constant bond length model are also shown (O0).

k1 = (3.6 £ 0.4) x 1074 MPa, and 6 = 8.46 & 0.03 (cal/
cm3)Y2, The stored configurations from each MD run
were also used for Widom test particle insertions.

On the basis of the u® values for n-alkanes in
PDMSM, the Henry’'s law constant (eq 21) and the
solubility coefficient at infinite dilution, S, (eq 22), were
calculated. In Figure 13 experimental data and MD
results for the weight fraction based Henry’'s constant
are presented whereas in Table 5 experimental data and
MD simulation results are shown for S,. The agreement
is very good in all cases. The statistical uncertainty
reported in the simulations is the standard deviation
in the calculations over the eight different structures.
For the larger of the n-alkanes examined (especially
n-pentane and n-hexane), the statistical uncertainty
remains high, despite the many different structures
examined and the large number of particle insertions.

The excess chemical potential of n-alkanes was also
calculated using the variable bond length model. In this
case, calculations were based on three initially different
structures for PDMSM. All other simulation parameters
(duration, n-alkane insertions, etc.) were the same as
above. The thermodynamic properties for the PDMSM
melt from this model were ppo = 0.9289 + 0.0005 g/cm?,
kT = (4.3 + 1.1) x 1074 MPa, and 6 = 8.5 + 0.1 (cal/
cm3)Y2, Solubility coefficient calculations for the n-
alkanes are shown in Table 5; they correspond to the
Henry’s law constants presented in Figure 13. Interest-
ingly, the variable bond calculations for S, are consis-
tently lower than the corresponding calculations from
the constant bond model (with the exception of n-
hexane). This can be attributed partly to the larger
density of the variable bond model that results in lower
free volume for successful penetrant insertions. For the
larger n-alkanes, the difference is within the statistical
uncertainty of the calculations, and thus additional
work is needed to resolve this difference.

The excess chemical potential of n-alkanes in PDMSM
was calculated also at 400 K and 0.1 MPa. Four initially
different structures of pure PDMSM melt were simu-
lated with the constant bond potential for a total of 6
ns: 1 ns for equilibration and 5 ns for production to
generate the 5000 configurations in each case needed
for the subsequent Widom insertions. The total number
of attempted insertions of n-alkane molecules per con-
figuration was the same as in 300 K. In Table 5, the
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Table 5. Experimental Data and Molecular Simulation Results from the Constant Bond Length (const) Model at 300 K
and 0.1 MPa and 400 K and 0.1 MPa and the Variable Bond Length (var) Model at 300 K and 0.1 MPa for the Infinite
Dilution Solubility Coefficient, S,, of n-Alkanes in PDMSM

S, (cm3(STP)/cm?3 pol/atm)

experiment simulation simulation simulation
n-alkane 300 K (const) 300 K (var) 300 K (const) 400 K
methane 0.3352 0.39 £ 0.04 0.33+0.03 0.19 £ 0.01
ethane 2.40P 1.8+0.3 1.4+0.2 0.48 £ 0.01
propane 5.812 52+1.7 3.7+£13 0.95 £ 0.02
n-butane 16.5P 16+7 10+5 1.87 +0.05
n-pentane 52.7° 46 4+ 30 27 +£17 35+0.2
n-hexane 152.2b 93 + 64 171 + 98 7.2+£05

a From ref 28. ° From ref 33 (for ethane, it is an estimation based on an empirical correlation).

Table 6. Experimental Data3® and Molecular Simulation
Results from the Constant Bond Length Model for the
Enthalpy of Sorption (AHs) of n-Alkanes in PDMSM

—AHs (kcal/mol)

n-alkane experiment simulation
methane 1.7+0.2
ethane 3.1+04
propane 3.2+04 41+0.8
n-butane 4.8 +0.6 51+1.0
n-pentane 5.8+ 0.7 6.2+ 1.6
n-hexane 6.8 £ 0.9 6.1+1.7

infinite dilution solubility coefficient values are re-
ported, and in Figure 13, the Henry's law constants are
shown. A significant decrease in S, is observed at 400
K compared to 300 K, which is more pronounced for the
case of heavier n-alkanes. Similar behavior has been
observed experimentally for the case of various n-
alkanes and a-olefins in low-density polyethylene.?* No
experimental data are available in the literature for
PDMSM at this elevated temperature.

Molecular simulation results were used subsequently
to calculate the enthalpy of sorption (AHs) of n-alkanes
in PDMSM, based on the expression

anS)  AH,
aUT) R (25)

Experimental data®® and molecular simulation results
using the constant bond model for AHs are shown in
Table 6. Model predictions are in excellent agreement
with experimental measurements for propane through
n-hexane. No experimental data were available for
methane and ethane.

5. Conclusions

In this work, a new UA force field was developed for
a rubbery polymer, namely poly(dimethylsilamethyl-
ene), based on DFT quantum mechanics calculations on
a model dimer molecule and MD simulations for the
corresponding monomer and the polymer melt at dif-
ferent temperatures and pressures. PDMSM is consid-
ered a promising novel membrane material for hydro-
carbon separation.®® As a result, accurate representation
of its physical properties and free-volume structure is
of great importance. The force field represents well the
volumetric properties of the polymer in the temperature
range 300—400 K and pressure range 0.1—-160 MPa.

Equilibrated configurations of the polymer melt were
analyzed with respect to the molecular structure of the
polymer (intra- and intermolecular radial distribution
functions, structure factor, torsion angle distribution).
The Greenfield and Theodorou technique was applied
to quantify the free-volume structure and the micro-

cavities accessible to small penetrant molecules were
characterized with respect to size, concentration, and
change with time.

The solubility of n-alkanes from methane to n-hexane
in PDMSM at 300 and 400 K was calculated based on
the Widom test particle insertion method. Simulation
results were in excellent agreement with experimental
data at 300 K. In addition, the enthalpy of sorption of
n-alkanes in PDMSM was calculated from the simula-
tion results and shown to be in good agreement with
available experimental data.

Molecular dynamic simulations for the evaluation of
the transport properties of n-alkanes in PDMSM are
underway. In this case, much longer MD simulations
are needed, on the order of a few tens of nanoseconds.
Furthermore, the molecular mechanisms that control
the macroscopic transport properties are elucidated.
This will be the subject of a forthcoming publication.

In conclusion, this work indicates that molecular
simulation is a powerful tool for exploring the properties
of novel complex materials for major industrial applica-
tions.
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