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Introduction
The study of gas diffusion in polymeric matrices holds

tremendous technological importance in the design of
barrier and membrane materials.1 Insofar, most diffu-
sion studies in the literature, both experimental1 and
simulations,2 have exclusively addressed the diffusion
of a single penetrant species in a polymeric matrix. In
contrast, little is known about the effect of another
species on the diffusing characteristics of a penetrant,
even in the small molecule limit.1,3-5 A copenetrant,
depending on its concentration and chemical interac-
tions with the polymer, could lead to plasticization of
the polymer matrix and also have an effect on thermo-
dynamic solubility of another species.1 In this regard,
H2O as a copenetrant species is particularly important
since it is sorbed in many polymers, albeit to varying
concentrations. It is therefore of fundamental interest
to develop an understanding of the diffusion of small
gases in the presence of H2O. It is recognized that the
effect of other similar codiffusing small molecule pen-
trants is also important in order to develop a detailed
mechanistic picture. There are polymeric materials that
have the ability to absorb rather large amounts of H2O,
such as poly(vinyl alcohol) and poly(ethylene vinyl
alcohol), which are excellent barriers to the diffusion of
air under dry conditions but degrade rapidly with
increasing H2O content, where the effect has been well
studied.6,7 The effect on other polar polymers such as
acrylics, nylons, etc., that are capable of aborbing
limited quantities of H2O is less clear. In addition, H2O
as a copenetrant holds special importance, in that, it is
perhaps the only small molecule penetrant that is
capable of hydrogen bonding with polar polymers that
are capable of forming such bonds. The precise manner
in which the H2O molecules are incorporated in the
matrix (clusters vs randomly distributed) and the
interactions with the polymer could change the packing
and thermodynamic properties to affect the diffusive
characteristics of a gas molecule.

The present work involves the use of molecular
dynamics simulations to predict the transport properties
of N2 in PMMA as a function of H2O concentration.
PMMA was chosen as the polymeric system of choice
given that the polymer is polar and absorbs H2O under
ordinary conditions and is a prototypical glassy poly-
meric system. PMMA absorbs ∼1.7 wt % of H2O at
saturation and room temperature conditions.8 The
mechanism of sorption was found consistent with the
dual-mode sorption model, where between 40 and 60%
of the H2O molecules are accommodated in the free
volume (with no overall volumetric change) and remain-
ing taken up by a swelling process.8-10 The glass
transition temperature decreases by ∼20 K in the

saturation limit.11 In this concentration regime, the
mechanical properties are also found to degrade rapidly
affecting the fatigue performance, modulus, and crazing
stress.12,13 From the perspective of diffusion of another
species in the presence of H2O, it is clear that the
reduction in the Tg and the dual-mode sorption behavior
could dramatically impact the available free volume and
chain dynamics accompanying the diffusive process.

Simulation Details

All simulations were performed using the Cerius2
software.14 The Discover module was used to perform
the molecular dynamics simulations using the Compass
force field parameters. A single PMMA chain consisting
of 100 methyl methacrylate monomers in the syndio-
tactic configuration was constructed and packed into a
cubic simulation cell at a density of 0.8 g cm-3. The
simulation cell was subsequently minimized to relax the
unfavorable overlaps and subjected to NPT simulations
(constant particle number, pressure, and temperature)
using the Andersen and Berendsen methods to control
T and P, respectively. A time step of 1 fs was used to
integrate the equations of motion, and a cutoff radius
of 9.5 Å was used to truncate the nonbonded van der
Waals and electrostatic interactions. The electrostatic
interactions were treated using group-based cutoffs. The
PMMA system was initially subjected to 500 ps of NPT
dynamics at 560 K and 1 atm to equilibrate the system.
The systems at lower temperatures (530 and 500 K)
were prepared by using the equilibrated configuration
of the preceding higher temperature using 500 ps of
NPT dynamics. The specific volume was observed to
fluctuate about a well-defined mean over the time scale
of the dynamics, indicating that the equilibrium density
for the given temperature and pressure had been
attained.

Diffusion of a single N2 penetrant in the PMMA
matrix was studied as a function of H2O concentration
at three different temperatures (500, 530, and 560 K).
Four concentrations of H2O were studied 0, 0.9, 3.5, and
8.2 wt % corresponding to 0, 5, 20, and 50 H2O molecules
per simulation cell. The N2 and H2O molecules were
inserted at random locations in the simulation cell
initially built at the time averaged density derived for
pure PMMA as predicted from NPT simulations. Sub-
sequently, NPT dynamics were conducted on these
systems to reequilibrate and predict the densities as a
function of concentration and temperature for a period
of 300 ps. The resulting equilibrated configurations at
the correct time averaged density appropriate for the
temperature and H2O concentration were used to ini-
tiate NVT (constant particle number, volume, and
temperature) dynamics for a period of 1 ns.

Results and Discussion

The time-averaged density of the PMMA systems at
four different H2O concentrations and three different
temperatures as obtained from NPT simulations are
shown in Figure 1. As expected, the density of PMMA
decreases with increasing H2O concentration. We note
that at 0.9 wt % of H2O the density is nearly identical
to that of pure PMMA.
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The self-diffusion coefficient (D) of N2 was computed
using the Einstein equation, which in the long time limit
is given by {〈|ri(0) - ri(t)|2 ) 6Dt}, where r represents
the position coordinate of the penetrant i as a function
of time t. The angular brackets represent ensemble and
time averaging of the trajectory. The above equation
correctly yields the diffusion coefficient provided a
sufficient number of diffusive events have occurred to
yield a true Fickian process. In practice, the unbound
position coordinate of the diffusing N2 molecule was
saved every 1 ps of a 1000 ps simulation trajectory, and
the mean-squared displacement was calculated using
the above expression. The practice of initiating the
calculation from multiple time origins spaced 1 ps apart
was used to improve statistics. Typical behavior of the
mean-squared displacement vs time is shown in a log-
log plot for N2 in pure PMMA in Figure 2.

Three regions may be clearly discerned from the above
curves. At short times, the diffusion is anomalous in
that the slope of the curve is much less than 1 and
represents the cage effect where the penetrant spends
a great deal of time sampling a local free volume in the
matrix. At longer time scales, once the penetrant has
executed hops over several free volume sites, the diffu-

sion approaches Fickian behavior with slope equaling
1. This region, representing the true diffusion regime,
occurs at all temperatures over a significant time period
in Figure 2, indicating that the original trajectory was
long enough to capture the diffusive process, yielding a
reliable estimate of the diffusion coefficient. Toward the
end of the trajectory, the curves become increasingly
noisy given that there are fewer origins available for
averaging. The intercept of the slope ) 1 linear fit to
each of the above curves corresponds to log(6D), thereby
yielding the diffusion coefficient.

The self-diffusion coefficient for N2 in PMMA was
computed in a similar fashion for systems with different
concentrations of H2O molecules and is shown in Figure
3 and summarized in Table 1. The most striking feature
of the concentration dependence of the diffusion coef-
ficient shown in Figure 3 is the presence of a minimum
at all three temperatures studied. That is, the diffusion
of N2 is retarded in the presence of small quantities of
H2O. As the concentration of H2O increases beyond ∼2.0
wt %, the diffusion coefficient increases, approaching
and exceeding the value observed for the pure PMMA
case. The effect is more pronounced at 500 and 530 K
than at 560 K.

It is instructive to analyze the static free volumes in
the PMMA systems as a function of H2O concentration.
The static fractional free volume was calculated by
inserting a large number of points at random in many
simulation configurations corresponding to a given
temperature and H2O concentration.15 Subsequently,
the distance of every atom center from the inserted point
was computed, and the minimum distance and the
corresponding atom center were recorded. If the distance
was smaller than the van der Waals radius of the closest

Figure 1. Time-averaged densities for PMMA determined
from NPT-MD simulations as a function of temperature at
several different concentrations of H2O.

Figure 2. Log-log plot of mean-squared displacement vs time
for N2 in syndiotactic PMMA at 500, 530, and 560 K. The lines
represent slope ) 1 fits to the true diffusion regime.

Figure 3. Dependence of the diffusion coefficient of N2 on H2O
concentration in PMMA from MD simulations at three tem-
peratures.

Table 1. Diffusion Coefficients (D in cm2 s-1) for N2 as a
Function of H2O Concentration and Temperature; the

Fractional Free Volume (ffv) for the Systems at 500 K Is
Also Shown

wt % H2O 0.0 0.9 3.5 8.2

D (560 K) 1.97E-5a 1.66E-5 1.96E-5 1.99E-5
D (530 K) 1.26E-5 3.23E-6 1.24E-5 1.84E-5
D (500 K) 5.97E-6 1.67E-6 7.49E-6 1.63E-5
ffv (500 K) 0.425 0.420 0.431 0.461

a Read as 1.97 × 10-5.
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atom, it was considered to lie in occupied volume. If the
distance was greater than the van der Waals radius of
the closest atom, then the largest sphere that could be
placed at that point was computed. The fraction of all
points lying in unoccupied space yields the fractional
free volume for a given sphere radius. Thus, a distribu-
tion of the fractional free volume corresponding to a
given sphere radius obtains. Extrapolation of the frac-
tional free volume to zero sphere radius yields the total
free volume in the system. The fractional free volume
available in the PMMA systems is plotted as a function
of the H2O concentration in Figure 4 at 500 K. As seen,
the fractional free volume mimics the behavior seen in
the N2 diffusivity. At low H2O concentrations, there
appears to be a net decrease in the fractional free
volume. With increasing H2O concentration, the frac-
tional free volume is observed to increase up to and
beyond that available in the pure polymer. Recall that
the decrease in density in going from 0 to 0.9 wt % H2O
was negligible, indicating that the decrease in fractional
free volume is particularly severe since it is not ac-
companied by matrix swelling. At low concentrations,
H2O molecules appear to be accommodated in the
available free volume in the PMMA matrix, resulting
in a decrease in the free volume available to a diffusing
penetrant. As the concentration of H2O is increased, the
volumetric swelling of the polymer matrix occurs,
increasing the available free volume leading to a net
increase in the diffusivity of N2. This behavior is

consistent with available experimental data for the
sorption behavior of H2O in PMMA.8,9 From sorption
experiments, it is known that PMMA sorbs moisture in
accordance with the dual-mode sorption mechanism.
That is, a fraction of the H2O molecules are accom-
modated in the PMMA matrix without resulting in a
volumetric change. As the concentration is increased,
new H2O molecules can no longer be accommodated in
the free volume, which is saturated and therefore leads
to swelling of the matrix. The static free volume data
presented here support this observation. It is to be noted
that the plasticization effect of the H2O molecules on
the PMMA matrix leads to a decrease in the Tg,
enhancing the chain dynamics, which could also help
enhance the diffusion at higher concentrations. It is
known from experiments that the Tg decreases by ∼20
K at ∼1.9% H2O content in PMMA.11 This implies
increased chain mobilities with increasing H2O content,
and there is a contribution from this factor aside from
the increase in the static free volume. Nevertheless, we
can conclude that, at the low concentrations of sorbed
H2O, the decrease in the static free volume appears to
correlate well with the observed trend in the N2 diffu-
sivity. Further work is required in exploring this
phenomenon in different glassy polymeric matrices with
different combinations of copenetrants to comment on
the generality of these findings.
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Figure 4. Fractional free volume vs H2O concentration in
PMMA at 500 K.

5336 Notes Macromolecules, Vol. 35, No. 13, 2002


