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ABSTRACT: Molecular dynamics simulations using fully atomistic models were conducted to investigate
gas transport mechanism and its connection to the free volume distribution and morphology in polyvinyl
chloride (PVC) and in PVC modified with 4-fluorothiophenol. The influence of both, modification degree
and temperature on diffusion mechanism was thoroughly studied. The diffusion coefficients of O2 and N2

were determined via molecular dynamics simulation using the COMPASS forcefield over a range of
temperatures (375, 400, 425, and 450 K) using up to 200 ns simulation time. The introduction of pendant
bulky groups along the polymer backbone results in a less ordered polymer matrix increasing the free volume
available and consequently the diffusion coefficients of both gases, O2 andN2. Additionally, the temperature
range selected in this work allows us to investigate the crossover froma solid-like diffusionmechanism (at low
temperatures) to a liquid-like mechanism that takes place at higher temperatures. The gas transport
coefficients of these polymers obtained from MD simulations were compared with previously reported
values in literature based on both experimental and simulation studies, and the results obtained were within
the expectations indicating the viability of the approach.

Introduction

Over the past few years, the study of gas diffusion in polymeric
matrices based on their chemical structure holds extraordinary
technological importance in the design of barrier and membrane
materials.1-3 One attractive approach in order to develop new
polymericmembranes ismodifying existingpolymers,mainly due
to its simplicity, reproducibility, and low cost. It is well-known
that gas permeability of polymeric materials can be improved by
restricting the motion of polymer chains.4,5 This can be achieved
in several ways such as, reducing the concentration of flexible
linkages in the backbone,6,7 attaching bulky side groups,8-10 and
cross-linking polymer chains.11-13 Following these ideas, it is
possible to prepare new materials with enhanced gas separation
performance.

Nevertheless, the characterization and evaluation of transport
properties of these materials are often very time-consuming.
Molecular dynamics simulation has emerged as a powerful
theoretical tool to successfully calculate diffusion coefficients of
penetrant molecules in a variety of polymers14,15 (and references
therein). Moreover, it is a very valuable tool to understand the
underlying diffusion mechanism and the relation between che-
mical structure and rate of diffusion giving information at a
molecular level.14,16-18 Previous studies showed that the mecha-
nism of gas diffusion, at a molecular level, in polymers can be
visualized as occurring by a hopping mechanism. The gas mole-
cules oscillatemost of the time insidemicrocavities in the polymer
matrix. From time to time, due to cooperative motions of the
polymer chain, a microtunnel appears joining two of these cavi-
ties which allow the gas molecules to jump into a neighboring
cavity. The free volume is responsible for the existence of these
cavities, and their distribution strongly depends on the polymer
type and temperature.

In the literature, the transport of small penetrants in polymer
systems has been studied by calculating the penetrant diffusivity

from the mean square displacement (MSD) in either full MD
simulations19-26 or using the transition state approach, TST.27-31

In both cases, a reasonable agreement with experimental values
is reached. The diffusion coefficient of small gas molecules is
calculated by means of the Smolouschski-Einstein equation
Æ|r(t)- r(0)|2æ=6Dt but it only applies in the limit of large times
at which the penetrant has performed enough jumps for its trajec-
tory to become a random walk in the polymer model. Thus, for
polymers with low diffusion coefficient values, longer simulation
times and/or higher simulation temperatures are required to
obtain reliable results. Several authors have shown that in mate-
rialswith lowdiffusivities, ranging fromamorphous to crystalline
polymers, by using simulation times considerably longer than few
nanoseconds and higher simulation temperatures, it is feasible to
investigate the connection between experimental observation and
detailed atomistic level events from computer simulations.32-38

In this study, the MD method is employed because unlike the
transition statemethod,MDalso provides information regarding
the mechanisms of transport. As it was previously mentioned,
transport properties of polymers are strongly dependent onmany
different factors such as, free volume and its distribution, density,
temperature and pressure, crystallinity, polymer chain length,
polymer mobility and packing, solute size, and affinity for the
material. Therefore, our aim here is 2-fold; on the one hand,
throughmolecular dynamic simulation on fully atomistic models
understand the reasons underlying pure PVC relative low diffu-
sivity in comparison with fluoride PVC, PVCF (PVC chemically
modified with 4-fluorothiophenol; with a degree of modification
in weight of 15% and 50%, PVC15F and PVC50F respectively).
On the other hand, the second objective is to investigate the
crossover from a solid-like diffusionmechanism (at low tempera-
tures) to a liquid-likemechanism that takes place at higher tempe-
ratures giving at the same time a better insight in the diffusion
mechanism ofO2 andN2 through these materials as a function of
temperature in the range 375-450 K. It is worthy of remark that
PVC50F, PVC with a degree of substitution of 50%, has not yet*Corresponding author. E-mail: jsacristan@ictp.csic.es.
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been synthesized. Therefore, this simulation also serves as a
strategy for a systematic molecular design of new tailor-made
membrane materials. We will also asses the importance of chain
packing, free volume distributions and local chain mobility
in relationship with gas transport properties in these materials.
The estimation and analysis of these polymer properties will
enhance our understanding of the differences in the values of the
diffusion coefficients of a given penetrant in structurally different
polymers.

Simulation Methodology

All simulations were performed using Material Studio 4.4
(MS4.4).39 Two materials, pure Poly vinyl chloride (PVC) and
fluorinated PVC in which chlorine atoms of the polymer chains
were partially replaced by 4-fluorothiophenol, up tomodification
degrees of 15% (PVCF15) and 50% (PVCF50) were modeled
using the fully atomistic force field, COMPASS.40 This force field
has been successfully used for a long time on the prediction of
structural, conformational, and material properties for a broad
number of polymers under a wide range of conditions of tem-
perature and pressure.41-43These references also contain detailed
comparisons to existing experimental data showing that the force
field is realistic.

The repeat units of all investigated materials are shown in
Figure 1. Generation and equilibration of amorphous cells was
done according to the next procedure. First, 4-fluorothiophenol
molecule was built through the Builder module of MS4.4 and
subjected to energy minimization before polymerization. Next,
single chains of the required length and compositionwere formed
andpackedutilizing the Polymerizer andAmorphous cellmodule
of MS4.4. The simulation cells contain one polymer chain con-
sisting of 150 repeat units.A single chainwas used tominimize the
chain ends effect on the simulation results. The statistical copo-
lymer chains, PVC15F andPVC50Fwere formed using reactivity
ratios of 0.85 for vinyl chloride and 0.15 for 4-fluorothiophenol
and 0.5 for vinyl chloride and 0.5 for 4-fluorothiophenol,
respectively. The amorphous cells of PVC15F and PVC50F were
constructed at low densities, 0.6 gr cm-1 to minimize the time
required for building the cells and to avoid ring catenations
and spearing.30,31,44 The cells were initially refined by the Basic_
Refine protocol of MS4.4.39 Later each cell has to be further
equilibrated to provide more realistic configurations. The initial
velocities of the atoms were assigned using aMaxwell-Boltzmann
distribution at the desired temperature and the Ewald summation
method was used to calculate long-range electrostatic interactions
with an accuracy value of 1.0� 10-2 kcal mol-1.45 It is essential to
be sure that the simulated systems are well equilibrated before the
production runs, particularly at the lower simulated temperatures.
In order to overcome this problem the constructed cells were
subjected to equilibration consisting of various steps. Initially the
energy of each generated cell wasminimized to a convergence value

of 0.01 (kcal/mol)/Å, using two different methods; first the steepest
descends and then the conjugate gradient, relaxing the system to a
local state ofminimal potential energy.Afterminimization, the two
conformations with the lowest energy were chosen. In order to
prevent the system to be trap on a local high energy minimum,
0.5 ns of (constant number of particles, temperature and volume)
NVT-MD simulation was performed at 600 K. The cells were
cooled back to the target temperature using 25 K increments.
Next, experimental density was reached by increasing the pres-
sure with several cycles of (constant particle number, pressure, and
temperature)NPT-MDand high temperatureNVT-MD to further
relax the polymer structure using the Berendsen thermostat and
barostat using a half-life for decay to the target temperature of 0.1
and 0.1 ps for the pressure scaling constant.46 The reason for this
choice is that even using experimental densities as a starting point it
is necessary to establish the equilibrium density which makes more
unlikely that both fluctuations and the average value in the
calculated pressure, lead to unacceptable inaccuracies in the calcu-
lationof anyotherpropertyof the system.Each cellwaspressurized
to increase its density well above the experimental value, and then
pressure was decreased in several stages to 1 bar. Once the models
reachdensities close enough to the experimental values, errore2%,
1 ns NVT dynamics were performed at 600 K, a temperature well
above the glass transition temperature of the polymer, to ensure
that the system is well-relaxed. Then the annealed cells were cooled
back to the target temperature using 25K increments. The duration
of the NPT runs at each temperature was 250 ps.

The penetrant molecules, 8 oxygen and 8 nitrogen molecules,
were randomly inserted at the free volume sites of the cells
avoiding interatomic overlapping. After insertion of gas mole-
cules the systems were further equilibrated through a series of 500
ps NVT and NPT runs at the target temperature and 1 bar of
pressure in order to further improve the equilibration before
using them for data production. The specific volume and energy
was observed to fluctuate around a well-defined mean over the
time scale of the dynamics, indicating that the equilibriumdensity
and energy for the given temperature and pressure had been
attained and the system is in the most probable configuration.
Since the investigated copolymers are novel, neither the density
nor other properties of interest in the present work, of these
polymers has been previously reported in the literature. Thus, we
have calculated them by applying the predictive capability of the
Synthia program47 in MS 4.4.39 In Synthia, many polymer
properties are expressed in terms of topological variables com-
bined with geometrical variables and/or other structural descrip-
tors used to obtain refined correlations. The remaining properties
are calculated from relationships that express them in terms of the
properties being calculated by using the topological variables.
This method48 enables the prediction of the properties of all
polymers without being limited by the absence of the group
contributions for the structural fragments from which a poly-
meric repeat unit is build. It is equivalent to the prediction of the
properties by the summation of additive contributions mainly
over atoms and bonds instead of groups. The accuracy and
reliability of this methodology is as good as can be expected from
any scheme based on simple quantitative structure-properties
relationship. In this context it is worthy of remark the good
agreement between the experimentally determined density values
of pristine PVC, and modified PVC with fluorothiophenol
groups, Table 1 (at 300 K) and the values predicted by Synthia
programwhich clearly reflects the high accuracy and reliability of
this methodology. The resulting densities of PVC, PVC15F and
PVC50F cells, see Table 1, are close enough to experimental5,49

and theoretical values, within the general reported range,
∼2%,31,34,50 to expect only a small effect (of the density) on
the diffusion results that may lead to an small overestimation
of the diffusion coefficients due to the finite-size effect of the

Figure 1. Two polymers under study, along with their acronyms. The
number ofmonomers n is as follows: for PVC150, for PVC15F135, and
for PVC50F 75, and the number of monomers modified by 4-fluoro-
thiophenol m is 15 for PVC15F and 75 for PVC50F.
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model, which do not affect any of the conclusions drawn from
this work.

The equilibrated packing models were then subjected toNPT-
MDdataproduction runs at 375, 400, 425 and 450K for a total of
150 ns at T>375 K and 200 ns at 375 K. These relatively large
simulation times are needed in order to ensure that normal
diffusive regime is reached. It is worthy of remark that all
simulations were carried out at T>Tg. After the first nano-
secondMD run, seven more successive runs of 2, 10, 40, 80, 100,
150, and 200 ns were carried out, collecting data every 0.01, 0.05,
0,125, 0,250, 0.5, 1, and 1 ps, respectively.

The properties of interest in this work are diffusion coefficients
obtained from the mean squared displacement (MSD) curves,
fractional free volume (FFV) and its topology and distribution
and intermolecular pair distribution functions (RDFs). As
such, the most important criteria for equilibration are that these
properties do not drift with time. We also require that at a
minimum, the penetrant molecules have traveled, on average, a
distance greater than the simulation box in order to ensure that
true diffusion is observedwithin the simulation timewindow.The
lack of drift following the equilibration period is illustrated in
Figure 2a, where we plot the MSD of all polymer atoms of PVC
and PVCF over five consecutive 20 ns blocks at 380 and 450 K
(similar results, not shown here, were obtained at 400 and 425K).
No variations in block averages are observed over the duration of
the successive runs confirming local equilibration of the sample.
Moreover Figure 2b and Figure 3 display the intramolecular and
intermolecular radial distribution function of the main chain
carbons respectively which converge to zero and one confirming
the local equilibration of the systems.51

Results and Discussion

Structural Features of the Packing and Cohesive Energy.
Gas permeation performance of polymers is strongly related
to their chemical composition and structural properties (den-
sity, free volume, chain packing, etc.).14,52 These structural
properties depend directly on the chemical nature of the
constituent monomers.19,53 However before obtaining reli-
able property predictions, one primal concern is to generate
representative structures of the polymer matrix. The cohe-
sive energy density (CED) is a key thermodynamic property
of any polymer system representing the sum of all intermo-
lecular interactions and it has been widely used to demon-
strate the ability of the model to describe the real material.
The cohesion of a polymer material originates from the
intermolecular attractions, including van der Waals, hydro-
gen bonding, and Coulombic interactions. Normalization of
the Ecoh to molar volume (V) yields the cohesive energy
density (CED). The solubility parameter, δ, is simply the
square root of the CED and is a parameter of great impor-
tance in the field of thermodynamics of polymer blends. The
CED and δ calculated directly from the simulation and δ is
displayed in Table 1 together with experimental and calcu-
lated values from additive group contribution5 by means of
Synthia module47 of Material Studio 4.4.39 Before compar-
ing the CED values it should be noted that theoretical values
were calculated by means of two slightly different methods,

Synthia-Fedors54 and Synthia-vanKrevelen5 at 300Kmean-
while CED computed from MD runs was done at higher
temperatures (T used in the production runs, 375, 400, 425,
and 450 K). Small differences observed between these two
methods are most likely due to the way that the group volumes
are calculated. Therefore, due to these two factors some small
differences should be expected between both sets of values but
from a qualitative point of view it does not affect any of the
conclusions that can be drawn from its analysis.

From Table 1, CED calculated values lie well within the
empirical range of 14-28 (J cm-3)1/2, reported for polymers5

and are in good agreement with experimental results giving
additional support to the model considered in this work. The
higher solubility parameter of pristine PVC compared to
fluoride PVC arises from the most favorable interactions
among the PVC polar groups. Consequently the higher solu-
bility parameter and the relatively smaller side group of
pristine PVC compared to fluoride PVC should have an
impact in the free volume available which should manifest in
different diffusion coefficients and solubilities.8,10,26

Transport of small molecules through a polymer film is
very sensitive to changes in polymer packing efficiency and

Table 1. Experimental and Predicted Density and Cohesive Energy of PVC, PVC15F, and PVC50F at Different Temperatures
a

Fexp, gr cm-3 F,b gr cm-3 δ,c J cm-3 δSim, J cm-3

300 K 373 K 393 K 300 K 375 K 400 K 425 K 450 K 300 K 375 K 400 K 425 K 450 K

PVC 1.387 1.352 1.334 1.382 1.328 1.301 1.277 1.258 19.5-22.1 18.4 17.6 17.3 16.9
PVC15F 1.355 1.335 1.305 1.282 1.264 1.243 19.1-21.5 15.9 15.7 15.2 14.5
PVC50F 1.306 1.305 1.28 1.257 1.241 1.201 18.2-20.5 15.7 15.5 13.7 12.9

aFor comparison the corresponding experimental values obtained at 300, 373, and 393K from refs 5 and 49 are also quoted. bCalculatedwith Synthia
program47 and used in MD simulations. cCalculated with Synthia program47 following Fedors54 and Van Krevelen5 methods.

Figure 2. (a)Mean square displacement of all atoms inPVC (triangles),
PVC15F (squares) and PVC50F (circles) calculated over four 20 ns
blocks, different curves represent 20 ns consecutive blocks and (b) main
chain carbon-carbon intramolecular radial distribution function.
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density. In order to investigate these questions, the inter-
molecular pair correlation function ginter(r) (RDF) between
polymer backbone atoms is calculated directly from the simu-
lation. RDF gives an average picture of the local environment
of the polymer under consideration, indicating the probabi-
lity density of finding A and B atoms at a distance of r,
averaged over the equilibrium trajectory as

ga- bðrÞ ¼ ðVÆ
X

i 6¼j

δðr- jrAi - rBjjÞæÞ=ðNANB -NABÞ4πr2 dr

ð1Þ
where i and j refer to the ith and jth atoms of the group A of
NA atoms and B of NB atoms and NAB is number of atoms
common to both groups A and B, angle brackets imply
averaging over different configurations. This has been pro-
ven to be an effective way of describing the average structure
of a polymer material.33,42,55 Figure 3 shows the rdfs calcu-
lated taking into account all polymer backbone carbons:
gieC(bk)-C(bk)(r) for all the three materials at 375 and 450 K,
similar results were obtained at 400 and 425 K (not show
here). The subscript ‘‘ie’’ means that only the pairs on diffe-
rent molecules are counted. RDF is conventionally normal-
ized to unit at large separation at which the spatial correla-
tions are lost, and it is zero at short separations when the
excluded-volume interaction operates. gieC(bk)-C(bk)(r) shows
a peak around 5.5 Å for PVC and fluoride-PVC, which can
be interpreted as an average interchain distance, followed by
one broad shoulder at 10.0 Å. It is worthy to remark that the
first peak appears at shorter distances in pure PVC, than in
modified PVC. It shifts to larger values as a function of
increasing modification degree and temperature. Further-
more, in PVC50F, the lack of a well-developed maximum at
∼5.5 Å may be considered as a clear indication of the greater
interchain spacing due to the incorporation of 4-fluorothio-
phenol groups to pristine PVC. The efficiency of packing for

these materials can be assessed from the height of the first
peak in gieC(bk)-C(bk)(r). Pure PVC presents the higher degree
of ordering, decreasing the packing efficiencywith the degree
of modification and temperature. The overall picture is that
for highly fluoride PVC, the bulky side groups prevent the
backbone atoms to configure themselves maximizing their
nonbonded interactionswith segments onneighboring chains.
It seems that attaching bulky side groups provides a more
opened structure that could not only improve the gas diffu-
sivity but also lead to higher gas permeabilities as it has been
experimentally observed for other polymers.7,10,56

DiffusionCoefficients.From the simulated trajectories, the
positions of the gas molecules diffusing in the polymer
matrix are computed as a function of time. The diffusion
coefficients were calculated from the mean square displace-
ment (MSD) of the penetrant molecules by means of the
Einstein-Smoluchowski equation:

ÆjrðtÞ- rð0Þj2æ ¼ 6Dt ð2Þ
The brackets show that the average was taken for all the
penetrant molecules over all time origins, r(t) is the position
vector of the penetrants in space at time t and D is the
diffusion coefficient. This equation only applies to the long
time limit of the MSD at which the gas molecules have
reached the normal diffusive regime characterized by a slope
close to unity in the log-log plot of MSD versus time.
Representative MSD plots for O2 and N2 in PVC and
fluoride PVC are shown in Figure 4 at 375 and 450 K. In
all the simulated materials the first part of the MSD curve
displays a transition from anomalous diffusion,57 Æ|r(t) -
r(0)|2æ 3� 3 t

n; 3 n<1, to Einstein diffusion (n=1) at about
t<2 ns, (with the exception of the ballistic regime at very
short times). In the anomalous regime rattlingmotion within
the small cavities dominate the shape of the MSD curve.
Jumps between neighboring cavities rarely take place at this
time scale. Note that at the highest temperature simulated in
this work, the anomalous diffusion regime observed in the
MSD curves, finish at shorter simulation times, t∼ 1 ns than
at 375 K. This would indicate that the transition to a liquid-
like diffusion regime has started but it seems that has not
totally set up.33-35 At intermediate temperatures, 400 and
425 K, not shown here, similar plots were obtained display-
ing a halfway behavior between that observed at the lowest
and the highest simulated temperature in this work.

From these plots, it can be clearly appreciated that an
increase in the degree of modification of PVC results in
an increase of the mobility of the gas molecules. The varia-
tion of the mobility of the two gases with the number of
4-fluorothiophenol units incorporated to PVC is very simi-
lar. Penetrant mobility is mostly related to two structural
features: rigidity of the chains and spacing. Substitution of
the chlorine atoms by the bulky 4-fluorothiophenol groups
appears to hinder chain packing of the modified PVC. As a
consequence, the spacing among polymer chains increase
with substitution degree enhancing penetrant mobility. On
the other side, as temperature decreases, the local motion of
polymer chains is more restricted and differences in pene-
trant mobility become more evident. These differences are
smearing out as temperature increases and the system be-
comes more isotropic. Local mobility of polymer chains is
considered to become an important factor controlling the gas
diffusion at temperatures below and close to Tg and it would
be discussed later.

Diffusion coefficients of N2 and O2 for all the simu-
lated materials are calculated, from the slope of the MSD
curves from t>100 ns at 375 K and t>50 ns at T>400 K.

Figure 3. Pair correlation functions: backbone carbons-backbone
carbons intermolecular g(r) for PVC (continuous line), PVC15F
(dashed line), and PVC50F (dotted-dashed line) at (a) 375 K and
(b) 450 K.
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The natural logarithm of the diffusion coefficient of these
gases is plotted against the reciprocal temperature in Figure
5. MD results are presented together with experimental
(time-lag) data49 and calculations using the TST approach28

at 300K. The effect of the temperature on the diffusion of O2

andN2 can be clearly seen in the increase of the self-diffusion
coefficient as well as in the increase of theMSD of the center
of mass of the penetrant, Figure 4. In all the cells oxygen has
the largest diffusion coefficient, which is mainly due to its
smaller volume compared to N2 and also to its weaker
interaction with the polymer matrix. The order of diffusivity
is the reverse of the kinetic diameter for each gas. By
increasing the molecular size, the diffusivity of the gas
decreases. It is worthwhile to point out that upon modifica-
tion of PVC with 4-fluorothiophenol, there is a 2-fold
increase in the diffusion coefficients of both gases through

the material. Moreover in this case, this increase in the
diffusion coefficient of N2 and O2 occurs up to modification
degrees of about 50%. However the relative increment with
respect to PVC is larger for PVC15F than for PVC50F. This
result reflects the influence of the different chain packing
efficiency in PVC and PVCF, see Figure 3, on hindering the
diffusion of gases through these materials suggesting an
important increment in the free volume of the system upon
modification. Previous experimental studies on chemically
modified PVCwith other bulky side groups suggest a similar
behavior.8,10 Furthermore, it is clear that penetrant diffusiv-
ities are strongly dependent on temperature. At the lower
simulated temperature, 375 K, it is possible to appreciate a
slowing down in the penetrant mobility which reveals that
the system is approaching to the onset of the polymer
transition to the glassy state, where the penetrants spend
more of their time trapped in the empty microcavities
(accessible free volume).

The activation energy of diffusion, Ed, for O2 and N2 in
PVC and PVCF can be calculated from this figure by means
of the well-known Arrhenius relation, D=Do exp (-Ed/
RT), where Do is a constant, Ed is the activation energy, and
R is the ideal gas constant. It is apparent that the activation
energy is larger in pristine PVC than in fluoride PVC. Below
Tg, Ed for O2 varies between 10.0 and 8.0 kcal mol-1, in
pristine PVC and PVCF15, whereas above Tg, Ed goes from
4.5 kcal mol-1 for pristine PVC to 3.0 kcal mol-1 for
PVC50F. The simulations do in fact show that the diffusion
is slower in PVC than in PVC15F and PVC50F. The drop in
activation energy as temperature increases is clear in all the
polymers suggesting a gradual change in the mechanism of
diffusion. At low temperature the penetrant is trapped for
long periods in a cage surrounded by polymer chainswhereas
at higher temperature the jumps between neighboring sites
become more frequent until the movement is more a liquid-
like process. It is convenient to remark that in some polymers

Figure 4. Logarithmic plots: (a) oxygen and (b) nitrogen molecules MSD vs time in PVC (9), lower curve, PVC15F (b), middle curve, and PVC50F
(2) upper curve, at 375 K and 450 K.

Figure 5. (a) Log of the diffusion coefficient vs reciprocal temperature
for O2 (filled symbols) and N2 (empty symbols) in PVC (2), PVC15F,
(b) and PVC50F, (9) calculated from MD simulations. Experimental
points atT<350K are from ref 47 and (~) was calculated for oxygen
in PVC using the TST approach.28
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such as, polyisobutylene58,59 and aromatic polyesters35 small
penetrant diffusion behaves strictly Arrhenius but as it was
previously pointed out,37 this behavior reflects the inability
of these polymers to redistribute free volume fast enough in
comparison to the difussional motion of the penetrant. In
this case, similarly to polyethylene, atactic polypropylene
and polybutadiene34,60 among others, the crossover from a
solid-like diffusion mechanism to a liquid-like diffusion
mechanism is clearly appreciated. Moreover, the activation
energy associated with the diffusion process is higher for N2

than for O2 in agreement with the diffusion results. Ed varies
between 13.0 and 11.0 kcal mol-1 below Tg for pristine PVC
andPVC15F, and aboveTg, it varies between 6.0 and 4.0 kcal
mol-1 for PVC nonmodified and PVC50F. From the general
accepted picture of the mechanism of the activated diffusion
process, it is known that larger cavities need to be formed in
the polymer for the diffusion of larger molecules. These will
require a larger energy for their formation and hence the
activation energy will be larger for the diffusion of larger
molecules, and the diffusivity will be smaller.

Analysis of the Diffusion Mechanism. Mobility of O2 and
N2 and Free Volume. One of the objectives of this work is to
visualize the diffusion mechanism of small gases in PVC
modified with fluoride aromatic thiols. To this end, it is of
interest to analyze the trajectories in terms of the type of
motions that the penetrants undergo. It is noted that several
authors have shown, that for both glassy and rubbery
polymers, diffusion proceeds by hoping between different
cages.18,35-37,61,62 For some period of time, the penetrant
stays within the cage where it undergoes a rattling motion
coupledwith anoccasional rapid jump to a new cage in a time

frame that is short compared with the residence time in the
cavity. Thus, the overall diffusion process is a combination
of randomoscillations of the penetrantmolecule inside small
cages, interrupted by fast jumps into neighboring cages. This
solid-like hopping mechanism can take place at tempera-
tures well above the glass transition temperature due to the
short time length of the penetrant’s diffusive jumps. How-
ever, at higher temperatures a transition from the solid-like
diffusion regime into the liquid-like diffusion regime has
been observed in several polymers such as, polyisobuty-
lene,63 polybutadiene60 and polyethylene37,64 among others.
To illustrate this behavior the motion of the most represen-
tative gas molecules inside the polymers at different tem-
peratures has been represented by tracing their displacement
from the initial position to their position at time t, r(t) =
(|r(t) - r(0)|2)1/2. In Figure 6 we compare oxygen molecules
displacement as a function of simulation time in PVC,
PVC15F, and PVC50F as quantified by r(t) at 375 and 450
K. Similar plotswere obtained forN2 but are not shownhere.
In general, the displacement of oxygen molecules through
the polymer membranes is larger than for nitrogen which
agrees well with previous results. First, it is noted that these
figures nicely illustrate the “hopping” mechanism of the
penetrant molecules inside a polymer matrix observing
several jump events within a simulation time of 5 ns with
jump lengths that oscillate between 3 and 10 Å. From these
figures, it is clear that the displacement of oxygen and
nitrogen molecules is larger in fluoride PVC than in non-
modified-PVC and it appears that its range broadens as the
degree of substitution increases. This implies that the oxygen
molecules oscillate inside a polymer cavity for a shorter

Figure 6. Total displacement of center of mass of oxygen molecules in pristine PVC (a and b), PVC15F (c and d) and PVC50F (e and f) at 375 and
450 K, respectively.
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period of time than N2 molecules before executing a jump
into a neighboring cage. Moreover, from these plots some
gas molecules can be identified that jump back and forth
between two neighboring holes. This behavior is consistent
with the idea of the existence of short lifetime temporary
channels between different parts of the free volume with
respect to the time spent by the gasmolecule inside the cavity,
(cage effect).33,44,65 Turning to the influence of temperature
in the diffusion mechanism and comparing data at different
temperatures it becomes evident that, at the lowest simulated
temperature 375K, parts a, c and e of Figure 6, the penetrant
stays at one place for considerable time and then hops to
another place within few picoseconds meanwhile at higher
temperatures, the penetrant trajectory is considerably differ-
ent, parts b, d, and f of Figure 6. The small cavities are still
visible but the penetrant spend much less time exploring
them because the frequency of jumps increases gradually
with the temperature and consequently the quasi-stationary
periods between jumps are shorter. It is expected that for
even higher temperatures the diffusion process would be-
come continuous. These results confirm the strong tempera-
ture dependence of the diffusion coefficients that should
similarly manifest in the free volume distribution.

In order to get a further understanding into the diffusion
mechanism of gas molecules in fluoride PVC, the diffusive
jump distance can be sorted in order of size and placed in size

interval bins to get a distribution of jump size contributions
to the total trajectory previously analyzed. In this case, to
allow a straightforward interpretation of the diffusion pro-
cess, the penetrant cage motion is removed from the trajec-
tory analysis by a simple filtering process, that is by selecting
the appropriate time interval (10-15 ps) to eliminate the cage
motion but retain the difussive motion. The distribution of
jump lengths of oxygen molecules in PVC and fluoride PVC
at 375 and 450 K are shown in Figure 7. It is apparent that
jump length distribution significantly broadens as a function
of increasing temperature and modification degree of PVC.
On the other side, at the lowest temperature, 375 K, the
penetrant spend most of its time in localized regions of the
polymer, making occasional jumps to neighboring cavities.
The distribution is centered in the region of roughly, 2-3 Å,
which is approximately the diameter of the penetrant. At this
temperature, the motion of the penetrant consists of infre-
quent jumps separated by long periods of pseudoinactivity.
At higher temperature, 450 K, the penetrant trajectories are
considerably different and the diffusive regime set at shorter
times, see Figure 4. The distribution of jump sizes is largely in
the same range but has noticeably broadened with respect to
375 K. Moreover it should be noted that not only the
averaged jump length increases with temperature, for PVC
from 2 to 5 Å, for PVCF15F from 3 to 8 Å, and for PVC50F
from 3 to 9 Å, but also the frequency of diffusive jumps. As a

Figure 7. Contribution of jump sizes to the total trajectory for all the O2molecules at 375 and 450K in (a and b) PVC, (c and d) PVC15F and (e and f)
PVC50F, respectively.
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consequence, the time spent by the penetrant molecules
(oscillating motions) inside the cages is shorter, decreasing,
both the number of jumps and the jump lengths within the
time frame of the simulations in the penetrant order O2>N2,
i.e.,with increasingpenetrant size.Thevaluesof theestimatedand
experimental diffusion coefficients decrease in the same order.

The analysis of penetrant trajectories thus suggests a
strong dependence of the diffusive process with temperature
and modification degree of the pristine PVC. At low tem-
peratures, the penetrant only makes few jumps between long
periods of pseudoinactivity in voids in the polymer structure.
As the temperature and/or modification degree increases the
polymer becomesmoremobile and the penetrant is no longer
“trapped” in voids, so that the diffusive regime sets in few
picoseconds. The jump behavior would suggest that in these
polymers at high temperature it is possible to observe a cross-
over from a solid-like diffusion mechanism to a liquid-like
mechanism in good agreement with activation energies
calculated above. In addition, these results agree with ex-
perimentally and simulated diffusion coefficients28,49 and
can also be interpreted on the basis of the structural modi-
fications introduced in neat PVC. Experimentally it has been
found that chemical modification of PVC with bulky side
groups simultaneously increases polymer free volume and
chain stiffness which obviously facilitates the motion of
small gases through the polymer matrix.8,10 The results for
nitrogen in PVC and fluoride PVC, not shown here, are
similar to those for oxygen.

It is noted that diffusion of small molecules in polymers
depends on several factors such as, temperature, nature of
the chemical groups introduced, chain rigidity and free
volume among others. The free volume is one of the most
significant aspects but equally important is, its distribution
and topology.66-68 Therefore, investigating these aspects can
be of paramount importance in analyzing diffusion mechan-
isms. Fractional free volume, FFV, can be defined as the
fraction of the volume not occupied by the polymer and it is
directly and accurately determined from simulations. FFV,
can be calculated from the well-known empirical equation:
FFV= 1 - Vo/Vs, where Vo = 1.3Vw, Vs is the specific
volume, Vo the occupied volume of polymer, and Vw is the
van der Walls’s volume of polymer that is multiplied by 1.3,
based on the packing density of a molecular crystal at 0K. In
this study, Vw, was obtained from the volume occupied by
van der Waals surface of polymer instead using Bondi’s
groups. Because V and Vo depend on the temperature of a
given sample, it is expected that FFV will likewise vary with
temperature. The FFV of PVC, PVC15F, and PVC50F, is
calculated according to this expression and listed in Table 2.
FFV increases strongly with increasing modification degree
of PVC and temperature following the general trends ob-
served experimentally in PVC modified with several rea-
gents.10 In addition this dependence with temperature and
modification degree is consistent with that of the gas diffu-
sion coefficients of O2 and N2. However, the calculation
of FFV includes some “dead” volume that is no accessible
for the gas molecules, whereas the fraction accessible free

volume, FAV, is defined as the space volume inside a
polymer that may be occupied by the center of gravity of
penetrant molecules on the condition that the van derWaals
spheres of the penetrant do not overlap with the van der
Waals spheres of polymer atoms, taking into account only
the volume that can be successfully occupied for the gas
molecules. FAV seems to bemore appropriate for describing
the volume available for gasmolecules transport,67 and it has
been shown that diffusivity is better correlated toFAVwhich
can be directly determined from MD simulations such as
those performed by Hofmann et al.68 So, in order to inves-
tigate the relationship between gas diffusion and polymer
structure in PVCandPVCF,FAVwas computed by rolling a
spherical probe with a given radius to probe the available
volume for a particle passing through. Figure 8 illustrates the
FAV of PVC, PVC15F and PVC50F at 375 and 450 K
calculated by probes with different radii, ranging from 1.0
to 2.0 Å. The probe radii close to the radii of nitrogen and
oxygenmolecules are foundwithin this range to allow amore
direct comparison with gas diffusion experimental results. In
theFAVanalysis, we found similar results thanwith theFFV
analysis that we mentioned above. It was found that pristine
PVC has a lower FAV value than PVC10F and PVC50F.
This behavior would indicate that incorporation of aromatic
groups to PVC decreased the polymer chain packing effi-
ciency thus forming a larger free volume which is in good
agreement with results shown in Figure 3 andwith the higher
diffusion rates observed for fluoride PVC. On the other
hand, we also observed that as temperature increases the
FAV increases too, thus providing larger effective free space
for gas transport. It suggests that incorporation of bulky
side groups to PVC has a larger influence on the accessible
free volume than temperature.

As it was mentioned above one of the objectives of this
work is to understand how the free volume is distributed in
the polymer matrix and its connection to the diffusion
mechanism of small gases through it. Figure 9 displays the
morphology of the FAV for PVC and PVC50F at 375 and
450 K, and t=150 ns. It is clear from these figures that
pristine PVC presents the most compact structure with less
empty volume between surrounding polymer chains avail-
able for gas transport. The size and shape of this empty
volume or cages, and hence the free-volume distribution,
change with both temperature and modification degree of
PVC. This tendency for a larger FAV value in fluoride PVCs
confirms that the bulkiness of the groups incorporated in the

Table 2. Fractional FreeVolume in PVC,PVC15F, andPVC50FAs a
Function of Temperature

FFV

300 Ka 375 K 400 K 425 K 450 K

PVC 0.12 0.15 0.18 0.19 0.21
PVC15F 0.14 0.20 0.22 0.24 0.29
PVC50F 0.16 0.21 0.24 0.28 0.37

aFractional free volume calculated from additive group theory.5

Figure 8. Fractional accessible volume calculated from MD simula-
tions at 375 (empty symbols) and 450 K (filled symbols) of PVC (9),
PVC15F (b), andPVC50F (2), calculatedwithprobes of different radii.
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PVC decrease the polymer chain packing efficiency thus
forming larger free volume areas in the polymer matrix. This
result is in good agreement with the analysis of the radial
distribution functions presented in the previous section. On
the other hand, concerning the topology of the FAV, we
observed that is strongly dependent on temperature and
modification degree of PVC. In this context, it is possible
to identify two different scenarios, one for pure PVC where
the FAV distribution is formed of many small microvoids
and there is not a clear indication of a continuous free
volume phase, even at the highest temperature, 450 K and
the other for fluoride PVCs where the FAV structure reveals
rather large voids with a tendency to form a partly contin-
uous free volume phase. This tendency is more pronounced
for the most modified PVC, PVC50F at 450 K. This implies
that bulky side groups incorporated in PVC are able to open
the structure creating larger regions of free volume. Thus, the
amount of free volume created in the samples under study
increases with an increase in the 4-fluorothiophenol content
and simulation temperature. Obviously, mobility of polymer
chain O2 and N2 molecules in the system therefore should
increase accordingly. This resulted in an increase of the
diffusion coefficients of O2 and N2 in fluoride PVC with
respect to pristine PVC.

Local Dynamics of Polymer Chains. Recently it has been
shown how the diffusion of small penetrants in polymers is
correlated with the relaxation of polymer chains.17,69 There-
fore, in order to investigate this effect, the local dynamics of
the twomatrices are compared here through theMSDs of the
polymer backbone carbon atoms. Figure 10 shows the
averaged MSD curves of the PVC, PVC15F, and PVC50F
backbone atoms at 375 and 450 K. The slower motion of
backbone atoms together with the enhanced chain packing
of pure PVC are one of the main reasons for the slower gas
diffusion observed on this polymer compared to modified
PVC. Therefore, the higher main chain mobility of fluoride
PVC is responsible in part of the large diffusion constants
calculated and experimentally determined in these modified

polymers. In fact, bulky side groups in a polymer usually
restrict the local chain mobility and this mainly increases its
glass transition temperature. However in this case the
4-fluorothiophenol side group is bonded to the main chain
through a sulfur atom which has a double effect, it could
enhance rigidity of the polymer chain mainly because of the
steric hindrance but it also creates some additional free
volume available for diffusion of small gases. An increase
in free volume of a polymer is expected to give increased

Figure 9. Three-dimensional representation of fractional available free volume in (a and b) PVC and (c-e) PVC50F at 375 and 450 K, respectively,
where red spheres represent oxygen molecules.

Figure 10. MSD vs time of polymer backbone carbon atoms for PVC
(9), PVC15F (2) and PVC50F (b) at (a) 375 and (b) 450 K.
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segmental mobility. The increased segmental mobility will
then cause a decrease in the energy required to overcome the
interaction between adjacent polymer chains for the gas
diffusion process.

On the other hand, in a polymer chain having polar groups
and higher CED, see Table 1, the chain mobility is sup-
pressed due to the tighter chain packaging, (e.g., pristine
PVC). Comparison of the diffusion coefficients in PVC,
PVC15F and PVC50F indicates that CED is more effective
in terms of suppressing local mobility than incorporation of
bulky side groups.

Conclusions

Molecular dynamic simulations were used to study gas diffu-
sion in PVCmodified with 4-fluorothiophenol in the temperature
range of 375-450 K. The simulated packing models allow a
very detailed determination of structural parameters such as
chain packing efficiency, cohesive energy density, fractional free
volume, fractional accessible volume and also the distribution of
fractional free volume which are not possible through any other
technique. Comparison with experimental data at 293 and 298 K
for PVC, at 283, 293, 298, and 303 K for PVCF and with results
obtained from simulations using the TST approach reveals a very
good agreement and highlight the validity of MD simulations in
calculating gas transport properties on such materials.

The chain packing structure of modified PVC becomes less
structured than that from pure PVC due to the incorporation of
bulky side groups. As a consequence of the incorporation of
4-fluorothiophenol to PVC a significant increment in the diffu-
sion coefficients of O2 and N2 was observed. The diffusion
mechanism is found to change at low temperatures from a pure
hopping (solid-like) mechanism to a more liquid-like behavior at
higher temperatures as indicated by the change of slope of the
Arrhenius plots. In addition, distribution of free volume regions
is strongly dependent on both, the number of groups introduced
in PVC and temperature. It is observed a transition from few
small and dispersed free volume regions in pristine PVC to partly
continuous free volume phase in PVCF at the highest tempera-
ture simulated in this work. The faster mobility of the backbone
atoms in modified PVC compared to pristine PVC together with
the lower CED and less efficient chain packing is responsible of
the higher diffusion coefficients found in this work. In summary,
the replacement of chlorine atoms by 4-fluorothiophenol de-
creases chain flexibility and also disrupts chain packing effi-
ciency. The bulky side groups increase the free volume and also
hinder conformational transitions in PVCF. These two combined
effects are responsible of the enhanced gas diffusion properties of
fluoride PVC. The results show that the first effect overcomes the
second one and strongly influence the gas transport properties in
these polymers.
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