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ABSTRACT

Molecular dynamics simulations are performed to study the diffusion and permeation of gases, including
argon, nitrogen, methane, carbon dioxide, and propane, in polystyrene over a wide range of tempera-
tures. A jumping mechanism is observed for the diffusion of diffusants in polymer. The calculated
diffusion coefficients agree well with the experimental data and with the results of former simulation
studies. The relation between the diffusion coefficient and the molecular diameter is confirmed by the
results. Our calculated results on the temperature-dependence of diffusion coefficients show that for
some gases a break is seen, at the glass transition temperature, in the Arrhenius plot of In (D) versus 1/T,
while for some other light gases, argon and nitrogen, the plot is linear over the whole temperature range.
We have also calculated the permeability coefficients, using the diffusion coefficients calculated in this
work and our recently published solubility coefficients [Eslami and Miiller-Plathe, Macromolecules 2007;
40:6413]. Our results show that the calculated permeability coefficients are higher than the experimental
data by almost the same trend observed in the solubility calculations, but the ratios of calculated

permeabilities are in a very good agreement with experiment.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The development of more efficient methods of separating fluid
mixtures, which has always been of great interest to the chemical
industry, has been further spurred by the energy crisis of recent
years. One of the promising separation techniques, being studied in
many academic and industrial laboratories, is based on the selective
permeation or transport of fluids through nonporous polymer
membranes. Therefore, the knowledge of the diffusion coefficient of
gases in polymers is very important in many industrial processes
such as separation of gases by selective permeation through polymer
membranes, food packaging, protective coatings, biomedical devices
(e.g., the heart lung machine). Drug delivery systems are largely
based on the advances in polymer chemistry, e.g., the ability to
fabricate different polymeric materials for controlling the diffusion
of drug molecules. Release of drug molecules at a certain desirable
rate are controlled by polymeric membranes or materials.

Most theories describing the mechanism of diffusion in polymeric
materials are based on the free volume approximation [1-3]. In the
free volume theories, there is a volume which is directly occupied by
polymeric molecules, and there is the remainder of the volume,
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which is called the free volume. A part of the free volume is assumed
to be uniformly distributed among the molecules and is identified as
the interstitial free volume, which requires a large energy for redis-
tribution and is not affected by random thermal fluctuations. The
other part, which is called the hole free volume, is assumed to require
negligible energy for its redistribution. Therefore, the hole free
volume is being continuously redistributed due to random fluctua-
tions, and is assumed to be occupied by penetrant molecules. This
redistribution of hole free volume will move the penetrant molecule
with it. According to this model, by movement of segments of the
polymer chain, a void will be created adjacent to the penetrant
molecule. If the size of this hole is sufficient to host a penetrant
molecule and if the penetrant have sufficient energy to jump into the
hole, a successful jump of the penetrant molecule is made into the
hole. Although the free volume model has been used extensively to
describe the mechanism of transport through molten or glassy
polymers [4-7], this model does not show a microscopic view point
of penetrant transport in polymers, since it just connects bulk
transport properties, like diffusion coefficient, into bulk properties,
like molecular volume or thermal expansion coefficient.

The transition-state theory (TST), introduced by Arizzi [8] and by
Gusev et al. [9,10], is another useful method for the calculation of
diffusion coefficient of a low-molar-mass substance through the
polymer matrix. In the TST it is assumed that the movement of the
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penetrant from an initial cavity to the saddle point and to a neigh-
boring cavity is an unimolecular rearrangement. For such a transition
the reaction trajectory in configuration space is tracked and the
transition rate constant is evaluated. In the first studies on the
application of TST to study the dynamics of light gases dissolved in
rigid microstructures of glassy polycarbonate and rubbery poly-
isobutylene [9], the method was shown to be only capable to study
just the dynamics of light gas like He. The method was developed by
Gusev and Suter [10], by Gusev et al. [11], and by Theodorou et al. [ 12—
15], to calculate the diffusion coefficient of bigger penetrants in glassy
polymers.

Computer modeling of molecular systems at a detailed atomistic
level has become a standard tool in investigation of sorption and
diffusion of small molecules in polymeric media [11,16-19].
Molecular dynamics simulation is a useful tool for exploring the
structure and properties of bulk amorphous polymers. The length of
the trajectories that can be generated in practice presently is on the
order of many nanoseconds. Thus the range of properties that can be
studied directly is limited to those that evolve over this time scale.
One of the phenomena that appear to be suitable for investigation is
the diffusion of small penetrant molecules in an amorphous poly-
meric matrix. That is, the diffusion coefficients of small penetrants
in many rubbery or liquid polymers are such that, at temperatures
close to room temperature and above, the average displacement of
the diffusant is large enough in a nanosecond interval to be deter-
mined via molecular dynamics simulation. Performing such simu-
lations is of practical importance in predicting diffusion coefficients
and also in understanding the mechanism of diffusion.

Although there has been significant progress in the use of
molecular dynamics methods in the simulations of diffusion coef-
ficients, early studies were focused on the simulation of gas diffu-
sion in rubbery polymers which could be investigated using full
atomistic or united-atom simulations in reasonable computational
times [20-25]. Due to the recent development of improved force
fields and the wider availability of sophisticated commercial soft-
wares and high-speed computing facilities, attention is shifting to
direct to the more challenging task of simulating the slower
diffusional processes occurring in glassy polymers [19,26-31]. In
most of the computational studies on the sorption and diffusion of
penetrants in polymers, the authors have dealt with flexible poly-
mer chains of relatively simple structure such as polyethylene,
polypropylene, and poly(isobutylene) [16,17,24,32-36]. There are,
however, some reports on polymers consisting of stiff chains. As
some examples we may address to the works by Mooney and
MacElroy [37] on the diffusion of small molecules in semicrystalline
aromatic polymers, by Cuthbert et al. [38] on the calculation of
Henry’s law constant for a number of small molecules in poly-
styrene and studying the effect of box size on the calculated Henry's
law constants, by Lim et al. [31] on the sorption and diffusion of
methane and carbon dioxide in amorphous poly(ether imide), and
by Milano et al. [19] on the calculation of anisotropic diffusion of
helium and carbon dioxide in crystalline syndiotactic polystyrene.

Very recently we have performed extensive molecular dynamics
simulation studies of sorption of penetrant molecules in polystyrene
over a wide range of temperatures, 300 K-500 K [39]. To this end, we
have developed a method for the calculation of the solubilities of
penetrants in polymers [40]. It is the purpose of this work to calculate
the diffusion coefficient of the same penetrant gases in polystyrene,
over the same temperature range, which is useful for the calculation
of permeability coefficient of penetrants in polystyrene.

2. Theory

One of the straightforward ways of studying the motion of indi-
vidual atoms or molecules is molecular dynamics. The molecular

dynamics method tracks the time evolution, at the atomic level, of an
ensemble of particles acting under specified interatomic forces by
numerically solving the equations of motion in an iterative manner.
In order to calculate the diffusion coefficients by molecular dynamics
simulation, one has to calculate the center-of-mass mean-square
displacements. In the limit of long times, which the penetrant
molecules perform random walks in the polymer matrix, the mean-
square-displacement becomes linear in time, and the diffusion
coefficients can be calculated using the Einstein relation:

D=L lim d< ZN:[r-(t) - r-(0)]2> 1)
6N t-w dt ! !

1

where D is the diffusion coefficient, r; is the center-of-mass position
vector of penetrant i, N is the total number of penetrants, t is the
time, and the brackets represent averaging over all possible time
origins.

For diffusion of penetrants in polymers, the center-of-mass
mean-square-displacement of the penetrant is shown to pass
through three distinct regimes [11]. The first is the short-time
ballistic regime. Then a regime of anomalous diffusion occurs, in
which the mean-square-displacement is proportional to t* with
x < 1. Finally, for sufficiently long times, the Fickian regime occurs,
for which the mean-square-displacement is proportional to t, Eq.
(1). The reason for anomalous diffusion is a structure of the envi-
ronment which alters the possible diffusion pathway by introducing
extra tortuosity on a certain length scale, or which delays the
diffusion by forcing the diffusants to adopt certain shapes in order to
be able to slip through openings [41,42].

The solubility of permeant molecule in the membrane is the
second determining factor in the permeation process. The solu-
bility-diffusion mechanism postulates that permeation is controlled
by diffusion of the permeant gas in the membrance which is
assumed to be in thermodynamic equilibrium with the gas at the
interfaces. Thus, the permeability coefficient, Pe, is defined by the
ratio between the flux J of the permeant species and its concen-
tration gradient, Ac, over the membrane of thickness, d, i.e.,

Ac
J= Pej (2)
The permeability coefficient is given by the product of the

diffusion coefficient, D, and the solubility coefficient, S, as:
Pe = DS (3)

The permeability is then the product of a factor reflecting the
dynamics of the penetrant-polymer system, D, and a thermody-
namic factor depending on the penetrant-polymer interactions, S.
Therefore, the permeability shows the ease with which the gas
crosses the polymer film.

Independent determinations of D and S are possible from
atomistic simulations [11,19-24,32,33,43-46], such that the influ-
ence of chemical architecture and polymer morphology on the over
all permeability can be examined in detail. Atomistic simulations
not only provide a method for estimating both D and S, but also
offer insight into the molecular mechanisms of penetrant transport
through the polymer. The ability to calculate changes in perme-
ability resulting from modifications of the chemical and structural
properties of polymer membranes suggests a direct application of
atomistic simulations to improve membrane performance and
ultimately to design new membranes from first principles.

In this study, molecular dynamics simulation technique has
been applied to calculate the diffusion coefficient of some pene-
trant gases including argon, nitrogen, carbon dioxide, methane, and
propane in polystyrene over a wide range of temperatures. Using
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the solubility coefficients of these gases, from the results of our
former molecular dynamics simulation study [39], we have calcu-
lated the permeability coefficients as well.

3. Simulation

Simulations were performed for mixtures of polystyrene plus
the penetrant gases argon, nitrogen, carbon dioxide, methane, and
propane over a wide range of temperatures, at zero penetrant
pressure limit (the number of molecules is calculated based on the
solubility of gases in polystyrene [39]). The potential energy
parameters for polystyrene were reported previously [47]. Here, it
is just sufficient to say that parameters for aliphatic carbon and
hydrogen are those used before for polyolefins [48], and the phenyl
groups of polystyrene were described by the same parameters as
the benzene model of Jorgensen and Severance [49]. The barrier
height for rotation of polystyrene backbone dihedral angles was
adopted as 12 kJmol~!, following the ab initio calculations on
polystyrene fragments [47]. The parameters for unlike interactions
were determined using the Lorentz-Berthelot mixing rules [50].
The force field has been checked against the experimental pres-
sure-volume-temperature data of polystyrene [47]. An atactic
random polystyrene chain of 100 monomers, generated [47] in
vacuum using the rotational isometric state theory with the
weights of Rapold [51], was used. The details of the molecular
dynamics simulation are reported in our former publication on the
solubility of the afore-cited penetrant gases in polystyrene [39]. It is
sufficient to say that coupling of the system to temperature bath
and barostat was performed using Berendsen’s method [52], with
coupling times of 0.2 ps for coupling to the thermostat and 5.0 ps
for coupling to the barostat. The time-step for leapfrog integration
scheme was 1.5 fs and all bond lengths were constrained using the
SHAKE algorithm [53,54]. The cutoff distance was 1.0 nm, and the
reaction field correction for the Coulombic interactions [55] was
included, with the effective dielectric constant of 2.5. An atomic
Verlet neighbor list was used, which was updated every 15 time-
steps, and the neighbors were included if they were closer that
1.1 nm. Similar to the former work [39], all equilibrium configura-
tions of the model polymer at lower temperatures were produced
by cooling the system down with a temperature step of 20 K for
around 3 ns. The glass transition temperature of polystyrene, as is
reported in our former study [39], is 370 K. The Lennard-Jones
potential parameters used to calculate the interaction energy for
penetrant gases and the host polymer, are those reported in our
former work [39].
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Fig. 1. Displacement of argon and propane molecules from their initial positions at
300 K. In order to avoid overlapping between the curves, the displacements of argon
are offset by 0.6 nm.
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Fig. 2. Typical trajectories of nitrogen molecules in polystyrene at 300 K (upper curve)
and 500 K (lower curve).

4. Results and discussions
4.1. Penetrant center-of-mass displacements

The motion pattern of penetrant gases in host polymer can be
qualitatively studied by monitoring the penetrant’s displacement
|r(t)-r(0)|, from its initial position. Shown in Fig. 1 are the displace-
ments of argon and propane in polystyrene at 300 K. The curves are
representative of a common hopping mechanism, showing that for
a considerable time interval the penetrants dwell in existing voids in
the polymer and occasionally do a jump into the neighboring voids.
When dwelling in the voids, the penetrants just perform oscillatory
motions around their equilibrium positions, therefore, no net motion
of a penetrant molecule occurs with these positional fluctuations.
The amplitude of oscillations varies according to the size of voids.
From time to time, the penetrants can do a quick jump into their
neighboring voids, see Fig. 1. The jump frequency depends on pen-
etrant’s size, therefore the biggest penetrant studied in this work,
propane, can rarely jump between the voids.

The two-dimensional center-of-mass x-y trajectories of
nitrogen in polystyrene at temperatures below and above the glass
transition temperature, 300 K and 500 K, respectively, are shown in
Fig. 2. The penetrant trajectories indicate faster movement of
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Fig. 3. Center-of-mass mean-square displacement for carbon dioxide at temperatures
below and higher than the glass transition temperature. The curve at 480 K is scaled
down by a factor of 15 for the sake of clarity. The dashed lines show the least-squares
fits to the curves.
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penetrants at higher temperatures, as represented by the broad-
ened range of displacements at higher temperatures in Fig. 2. This
indicates that at higher temperatures the hole free volume will be
redistributed faster and penetrant molecules have higher energy to
overcome the activation energy required to jump into new voids.

4.2. Penetrant center-of-mass mean-square displacements

The mean-square displacement of penetrant gases are calculated
over a wide range of temperatures, 300 K-500 K, in 20 K intervals.
Averaging is performed over all penetrant molecules and all
possible time origins. This leads to an increase of statistical fluctu-
ations towards the end of the run. The results for the center-of-mass
mean-square displacements of carbon dioxide at temperatures
below and above the glass transition temperature, 340 K and 480 K,
respectively, and those of argon, methane, and propane at 440 K are
shown in Figs. 3 and 4, respectively. Log-log plots (not shown) of the
center-of-mass mean-square displacement versus time for carbon
dioxide at 340 K and 480K fit quite well with straight lines with
slopes 0.97 and 1.04, respectively, confirming the Einstein diffusion.
In the glassy polymer at times below 500 ps, the penetrant motion is
highly anomalous and the diffusion regime begins at longer times.
Intercavity jumps rarely occur at this time scale [19,56]. However, as
it can be seen from the results in Fig. 3 at high temperatures, the
diffusion regime sets in a shorter time. Also the results in Fig. 4 for
center-of-mass mean-square displacement of argon, methane, and
propane, show that the mean-square displacements of the smaller
penetrant molecules are much closer to linearity than those of
bigger molecules. In fact for bigger molecules like propane, there are
much fewer jumps than there are for a smaller molecule. Therefore
the statistical error is bigger in the former case.

The linear portion of the center-of-mass mean-square displace-
ment is least-squares fitted by a straight line to calculate the diffusion
coefficient. The calculated diffusion coefficients at 300 K are tabu-
lated in Table 1 and are compared with experimental data [57-60]
and with the results of former simulation studies in the literature
[28,61]. The results are almost in good agreement with experimental
data [57-60] and with the results of former simulation studies,
reported in the literature [28,61]. The only exception is the big

<(r(®-(0))"> (nm’)

0 500 1000 1500 2000 2500 3000 3500
t (ps)

Fig. 4. Center-of-mass mean-square displacement for argon, methane, and propane at
440 K. The curve for argon is scaled down by a factor of 2 and that for propane is scaled
up by a factor of 15, to make the details more visible. The dashed lines show the least-
squares fits to the curves.

Table 1
Comparison of the calculated diffusion coefficients of penetrant gases at 300 K with
experimental data [57-60] and with the results of former simulation works [28,61].

Penetrant Dexp. x 108 (cm?s™7) Dear, x 108 (cm?s™1)

Previous simulations This work
Ar 7.0% 2.0, 7.30¢ 7.50
N, 6.0° 6.10° 6.20
CO, 5.08¢ 3.30¢ 6.44
CHy 1.30? 1.20¢, 1.60° 1.50
C3Hg 0.002¢ 0.0042
2 Ref. [57].
b Ref. [58].
€ Ref. [59].
d Ref. [60].
€ Ref. [61].
f Ref. [28].

molecule propane, for which our calculated value for the diffusion
coefficient at 300K is bigger than the experimental value [60] by
a factor of 2. A simple estimation of D based on D = d?/6t, which d is
the jump distance, about 0.5 nm (see Fig. 1), and 1 is the cavity resi-
dence time, gives 1 = 100 ns. This means that propane resides in its
cavity for about 100 ns, on average, before jumping to another cavity.
To have a sufficient statistics to calculate the diffusion coefficient one
needs about 10 jumps, and hence, simulations times of the order of
us are required. Therefore, the calculated diffusion coefficient
for propane in this work can just qualitatively be compared with
experiment [60].

There are many correlation schemes trying to connect the
diffusion coefficients of penetrant gases in polymers to the struc-
tural properties of the penetrant gas [61-64]. Almost all of these
procedures are based on the empirical approaches and are
restricted to a single host polymer, but are valid for a variety of
penetrants. The nature and the size of the penetrant gas molecules
which cross the membrane are parameters affecting the diffusion
coefficient of the penetrant molecules in polymers. These charac-
teristics are taken into account by means of the Lennard-Jones
parameters of the gas molecule, namely, the effective diameter, and
the characteristic interaction energy between molecules. Although
numerous attempts were made [65], it is impossible to find a model
of general validity describing the dependence of diffusion coeffi-
cients on these parameters.

Based on extensive experimental data with different penetrants
and polymer hosts, Teplyakov and Meares [66] have developed the
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Fig. 5. Logarithm of the diffusion coefficients as a function of square effective diam-
eters. The open circle and open square show the results for nitrogen and carbon
dioxide when the Lennard-Jones ¢ of one interaction site is adopted as the effective
diameter.
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following correlation between the diffusion coefficient of penetrant
gases and their effective diameters.

In(D) = K; — Kyd?; (4)

where, constants K; and K, depend on the chemical and physical
properties of the polymer host and def is the effective diameter of
the penetrant. This correlation is claimed to be valid for both glassy
and rubbery polymers, as well as for homopolymers and copoly-
mers [67]. Fig. 5 shows the logarithm of the calculated diffusion
coefficients of penetrants at 300 K versus their squared effective
diameters. Here for argon the Lennard-Jones diameter, g, is adop-
ted as the effective diameter. Methane and propane were approxi-
mated as spherical molecules. In the case of the linear molecules,
nitrogen and carbon dioxide, two extreme approximations were
taken into account; adopting the spherical shape for molecules and
adopting the Lennard-Jones diameter of one site as the effective
diameter of molecules.

The results in Fig. 5 show that the logarithm of diffusion coef-
ficient as a function of square effective diameter nearly follows
a linear trend for spherical molecules argon, methane, and propane.
Approximating the linear molecules, nitrogen and carbon dioxide,
as spherical molecules leads to high deviations between the trend
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Fig. 7. Arrhenius plot of In(D) versus 1/T for nitrogen. The dashed line indicates the
best fit through the points.
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Fig. 8. Arrhenius plot of In(D) versus 1/T for methane. The dashed line indicates the
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seen in the case of spherical molecules. However, the results in
Fig. 5 show that adopting the Lennard-Jones of one site as the
effective diameter is a better approximation for these molecules. In
fact for linear molecules, an axial motion is more likely to result in
a successful jump than a lateral one [17].

4.3. Temperature-dependence of the diffusion coefficients

Barrer [68] was the first one who showed that the diffusion of
small-size molecules in rubbery polymers is a thermally activated
process. A great number of data in literature suggest that the
transport coefficients (namely Pe, D, and S) depend on temperature,
at a given pressure, via Arrhenius’s law on a narrow range of
temperatures [65], i.e.,

&
D = Dge # (5)

where Eg is the apparent activation energy, T is the temperature,
and R is the gas constant. According to free volume models, at high

temperatures the penetrant molecules follow a liquidlike
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Fig. 9. Arrhenius plot of In(D) versus 1/T for carbon dioxide. The dashed line indicates
the best fit through the points.
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Fig. 10. Arrhenius plot of In(D) versus 1/T for propane. The dashed line indicates the
best fit through the points.

mechanism and the activation energy decreases. As the tempera-
ture increases, the total free volume increases and the penetrant
gas molecules can move more freely inside the amorphous mate-
rials. When the temperature is high enough the constraint of
polymer chains to the movement of the diffusant molecule almost
disappears and it looks like the gas molecule moves quasifreely, as
in a liquid. Conversely, at low temperatures, i.e., near or below the
polymer glass transition temperature, the formation or closing of
above-mentioned microvoids becomes a rare event, and the acti-
vation energy increases.

According to Eq. (5), the fraction of diffusing molecules able to
surmount the activation energy, ranges from 1.0 at high tempera-
tures to O at very low temperatures. Arrhenius plots of In(D) versus
1/T for afore-cited penetrant gases in host polystyrene are shown in
Figs. 6-10. From the results in Figs. 6 and 7, for temperature-
dependence of the diffusion coefficient of argon and nitrogen, it is
seen that a linear relationship is valid between In(D) and 1/T over
the whole temperature range studied, 300-500 K. On the other
hand the temperature-dependence of the diffusion coefficients of
methane, carbon dioxide, and propane show a break at glass tran-
sition temperature. The temperature-dependence of the diffusion
coefficient of diffusants in polymers has been the subject of
a number of studies [69]. It is reported by some researchers that the
Arrhenius’s plot of In(D) as a function of 1/T presented two zones

Table 3
Comparison of calculated gas permeability coefficients at 300 K with experimental
values [72] and with former simulation results [67].

Penetrant Pe x 10" (cm3(STP) cm/cm? Pa s)

Experimental Previous simulations This work
Ar 152 460 284
Ny 45.6 180 109
CO, 988 2000 2450
CH4 60.8 130 166
C3Hs 10.1

hand, at temperatures higher than the glass transition temperature
the chain segmental mobility is much more important, which
corresponds to lower activation energies.

The calculated activation energy in the temperature range
below and above the glass transition temperature are tabulated in
Table 2, and are compared with the experimental activation ener-
gies [57,59,60] and with the results obtained from former simula-
tion studies [28]. The results for argon and carbon dioxide are quite
comparable with the experimental data [57,59]. For methane our
calculated activation energy is lower than the calculated value by
Han and Boyd [28]. The activation energy depends on the charac-
teristic motions of the macromolecule in a given temperature
domain.

4.4. Permeability coefficients

The permeabilities have been calculated employing Eq. (3), using
our previously reported solubility coefficients [39] and the calcu-
lated diffusion coefficients in this work. In previous work [39], we
calculated the solubilities of penetrants in polystyrene over a wide
range of temperatures and pressures by performing two indepen-
dent simulations, one in the polymer phase and one in the gas
phase. From the simulation of the condensed phase, the excess
chemical potentials are calculated using a Widom’s test particle
insertion method [71]. The chemical potentials were then expanded
in terms of pressure employing a recent method by Vrabec and
Hasse [72]. Another simulation in the grand canonical ensemble of
the gas phase is shown to be sufficient to find the phase coexistence
point [73,74]. Table 3 compares the calculated permeability coeffi-
cients with those of experimental values [75] and the former
calculations by Kucukpinar and Doruker [67]. The results show that
our calculated permeability coefficients are higher than the

separated by the glass transition and characterized by different 25
activation energies [70,71]. At glassy state, the jump probability is
small, which corresponds to higher activation energy. On the other _ .
& 20
i A
g
Table 2 % o Ar
Comparison of the calculated activation energy for diffusion of penetrants in poly- 5 154 )
styrene with experimental data [57,59,60] and with the results of former simulation ~ o N R
works [28]. The numbers in parenthesis show the activation energies at tempera- ; 4 CO2
tures higher than the glass transition temperature. - A CH4
£ 10 A
=il S o C3H8
Penetrant Eq4 (kjmol™") i
S8 .
Experimental/simulation This work = .
Ar 25.0° 25.0 A5+ s
N> 305 A A
0, 44.0° 38.6 (34.7) a 8 s
CHay 362, 49.0° 40.0 (35.5) 0 2 s a & B 8 5 o o
CsHg 55,04 59.0 (46.0) 250 350 450 550
2 Ref. [57]. T(K)
b Ref. [59].
 Ref. [28]. Fig. 11. Calculated permeability coefficients at zero pressure limit as a function of
d Ref. [60]. temperature.



306 E Mozaffari et al. / Polymer 51 (2010) 300-307

Table 4
Comparison of calculated ratios of permeability coefficients at 300 K with experi-
mental values [75] and with former simulation results [67].

Penetrant P/Pn2

Experimental Previous simulations This work
N> 1.0 1.0 1.0
Ar 3.33 2.55 2.6
CO, 21.66 11.11 22.47
CH4 133 0.72 1.52
C3Hg 0.093

experimental values [75], as a result of overestimating the solubility
coefficients in computer simulation methods [39]. The same trend is
seen in the calculated permeability coefficients by Kucukpinar and
Doruker [67]. The calculated permeability coefficients over
a temperature range of 300-500 K are also shown in Fig. 11. The
results in Fig. 11 show that polystyrene is much permeable to CO,,
compared to other gases studied in this work, because of the higher
solubility coefficient of CO; in polystyrene and its relatively higher
diffusion coefficient. On the other, polystyrene is less permeable to
the biggest penetrant molecule, propane, because of its very small
diffusion coefficient.

We have also compared our calculated permeability coefficient
ratios (selectivities) in the zero pressure limit with the corre-
sponding experimental values [75] and the calculations by Kucuk-
pinar and Doruker [67]. In Table 4, we have listed the ratios of
permeability coefficients at 300 K to that of nitrogen’s permeability
and compared the results with experimental measurements [75]
and with the former calculations by Kucukpinar and Doruker [67].
The results in Table 4 show that the calculated ratios are quite close
to the experimental ratios and are in a much better agreement with
experiment [75] compared to the calculations by Kucukpinar and
Doruker [67]. One reason for this is the fact that Kucukpinar
and Doruker [67] have used united-atom models for both polymer
and diffusant gases, while more detailed atomistic force fields have
been used in this work. This shows that our calculated permeability
coefficients are higher that the experimental values by nearly the
same factor. The same conclusion was made in our former work on
the calculated solubility coefficients [39].

5. Conclusions

The diffusion coefficients of penetrant gases in polystyrene have
been calculated over a wide range of temperatures, 300 K-500 K.
The calculated diffusion coefficients agree well with the experi-
mental data [57-60] and with former simulation results [28,61]. The
jumping mechanism of penetrant gases in polystyrene is confirmed.
Our results show that the diffusion regime begins in a shorter time
at higher temperatures, and fluctuations in the center-of-mass
mean-square displacements depend on the penetrant size. The
logarithm of the diffusion coefficient appears to vary linearly
with the square effective diameter of the penetrant molecule, sup-
porting the validity of the correlation scheme by Teplyakov and
Meares [66]. The calculated permeability coefficients are higher
than the experimental data [75], but they are in agreement with
former simulation studies [67]. This is due to the fact that computer
simulation studies overestimate the solubility coefficients [39]. The
ratios of permeability coefficients (selectivities) calculated in this
work are in a very good agreement with experimental data [75] and
follow the same trend observed in our calculated solubility coeffi-
cients [39].

From the results of our calculations at temperature regimes
below and above the glass transition temperature, it is concluded
that for gases like argon and nitrogen, the Arrhenius plot of In (D)

versus 1/T is almost linear over the whole temperature range. But
for some gases like carbon dioxide, methane, and propane the
results show that two different slopes do exist for the Arrhenius
plot, below and above the glass transition temperature. While the
results of Han and Boyd [28] on the calculated diffusion coefficient
of methane in polystyrene does not show the slope change at glass
transition temperature, our results are in agreement with experi-
mental findings [70,71].
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