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ABSTRACT: Gas permeation has been studied in two fully atomistic molecular models of a glassy
polyimide, which differ by their chain configurations and packing. The first polyimide system is an isotropic
56 025-atom bulk model of the amorphous phase while the second is a 141 100-atom model of an actual
membrane. The preparation procedure of the membrane was based loosely on the experimental solvent-
casting process. The membrane model exhibits density oscillations at the interfaces with chains being
aligned and flattened parallel to it. The structuration persists throughout the membrane, and this leads
to the gas diffusing in a slightly anisotropic way in the center of the membrane model. However, the
diffusion coefficient obtained using either approximate analytical solutions or numerical solutions to the
one-dimensional diffusion equation as well as a time-lag approach was found to be very similar to that
in the bulk, which was evaluated from mean-square displacements, probability density distributions of
displacement vector components, and the van Hove self-correlation function. Solubilities obtained from
Widom’s insertion technique and from the equilibrium density of gas within the matrix were in very
good agreement for the membrane model. Despite a small drop in solubility in the region corresponding
to the density peak of the polymer at the interface, the solubility coefficient also remained similar to that
of the bulk. The changes in configurations and the high-density interface have thus little effect on the

permeability of the gas used in this case.

1. Introduction

The relative rigidity of polyimide backbones combined
with their potentially narrow free-volume distributions
renders such macromolecules efficient dense membrane
materials,! which can be used for gas-separation ap-
plications.?3 The relationships between chemical struc-
tures and permeabilities have been widely studied
experimentally.l~7 This has led to the development of
empirical methods for prediction of gas permeation
parameters.’~1* Molecular dynamics (MD) simulations!®
have also attempted to link at the atomistic level the
penetrant transport to the polyimide chemical struc-
tures, with the gas molecules being directly inserted into
the matrices.16-23

Experimentally, the situation is more complicated as
membrane pre-, post-, and processing?42> parameters
are known to be of paramount importance: indeed,
molecular weight,? residual solvent,?” heating cycle,2829
casting conditions,?? etc., have all been named as
potentially influencing the physical properties of the
polyimides.?* Film thickness is also a key factor. Diffu-
sivity and solubility of oxygen transport through dry
Kapton membranes have been reported to increase
along with the thickness of the samples.?? In an intrigu-
ing work, it has been postulated that solubility and
cohesion energy density increase in thinner glassy
films.?! Pinholes or defects in the thin layers are known
to affect selectivity,?! while defect-free layers are thought
to provide greater size and shape discrimination, a
property which is used in the design of asymmetric
polyimide membranes.?2:33 It has also been suggested
that free volume diffuses to a thin film surface,3435
which could explain thickness-related physical aging of
thin polyimide films.36:37

This work was initiated following a combined experi-
mental and MD simulation study on five closely related
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copolyimides for gas permeation applications.?8 Atom-
istic models of the polyimides in the bulk were in
excellent agreement with the real systems in terms of
densities, solubility parameters, d spacings, color indi-
ces, and free-volume fractions.253940 On the other hand,
the calculated diffusion coefficients of He, O¢, or Ny gas
molecules were systematically higher than the experi-
mentally measured ones,?8 despite the force fields being
validated for both the matrices*® and the gas mol-
ecules.*142 Several possible explanations for the dis-
agreement between the models and the experiments
have been put forward,*® and this has led to a series of
further simulations concerning specific features of such
models. These studies are fundamental in nature and
have general implications applicable to all glassy poly-
mers and not just the polyimides under study here. In
a first stage, it was shown that the microstructure and
the permeation parameters in glassy polyimide models
were independent of the simulation box size.*3 The
second stage, presented here, deals with skin effects
which, as explained above, are a well-known factor in
these materials331:3344 A surface region of the mem-
brane where the chains are either more or less ordered
could significantly affect penetrant solubility and dif-
fusion and maybe even act as the most important factor
in the process of permeation.

Properties of polymers at interfaces have already been
largely investigated using MD or Monte Carlo (MC)
techniques.*® From fairly early on, lattice MC simula-
tions of polymer/vacuum or polymer/solid surfaces*6-49
showed that interfacial structure is clearly distinct from
the central amorphous region. MD simulations of poly-
mer melts confined between planar solid surfaces
described the chains in the interfacial region as being
flattened in the directions parallel to the wall.? The
actual features were found to be dependent on a number
of parameters such as the type of wall,’° the chain
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Figure 1. ODPA—-ODA homopolyimide chain under study.

stiffness,”>%2 the slit thickness,”® or functional end
groups.’* As far as glassy polymers are concerned, static
model microstates of atactic polypropylene (PP) exposed
to graphite surface® were analyzed, which led qualita-
tively to the same types of conclusions than for the
polymer melts. The wall effect is enhanced, and the
chains stiffen at decreasing temperatures.*® Related
works include the investigations of polymer—polymer
interfaces (see e.g. refs 56—58), which have to deal with
additional features such as polymer miscibility and
interpenetration.?® Also of interest are the simulations
of free-standing thin films where the key issue is the
local structure at the polymer/vacuum interfaces®?62 as
well as crystal surfaces.®® As far as permeation is
concerned, helium and neon permeation was probed in
both rubbery and glassy polymethylene matrices con-
fined between structureless planar graphite walls by
changing the temperature, in an attempt to model
hybrid organic—inorganic materials.%*

The aim of the present work is to characterize the
differences between a large 56 025-atom bulk periodic
model of the amorphous core of a glassy polyimide
membrane and that of an even larger 141 100-atom
model of dimensions ~110 x 110 x 160 A3 containing
actual surfaces. Since the selectivities associated with
defect-free skin layers have been correlated with high
polymer packing density in the skin layer,3? the poly-
imide membrane model was confined between two
impenetrable walls. This leads to high-density regions
at the interface and is consistent with the fact that the
actual polyimides were cast on a glass plate.?’> The
matrix is the one used in the MD study of the box size
dependence of gas transport in glassy polymers,* i.e.,
the ODPA—ODA homopolyimide (Figure 1). Here we
make the same approximation of using purely repulsive
Weeks—Chandler—Andersen (WCA) nonbonded interac-
tions to speed up the MD calculations. The interaction
parameters of the gas permeant have been adjusted to
give the same solubility than that of the high-perme-
ability helium (He) gas®5-67 when full Lennard-Jones
(LJ) interactions are used.? Although penetrant diffu-
sion in a glassy bulk polymer of this size has been
studied using a coarse-grained method,’® we are not
aware of any fully atomistic model of this magnitude
and periodic in two dimensions being created yet for
glassy polyimide membranes.

2. Computational Details

All simulations were performed using either the gmg
MD program®® or its parallel form, ddgmq.”® In the
latter case, simulation boxes were decomposed either
into2 x 2 x 2=8o0r4 x 4 x 4 =64 domains each.

2.1. Chemical Structures. The ODPA—ODA chains
(Figure 1) were identical to those studied previously
both experimentally?>3? and by MD simulations.4%-43
Each chain had a total of 40 monomers and 2075 atoms.
The gas probe was modeled as a single atom.

2.2. Potential. The force field for the polyimide used
in this work has been described in detail elsewhere.40:43
The total potentiel energy is given by the superposition
of intramolecular bending, torsional and out-of-plane

Permeation Properties of Glassy Polymers 10287

analytical functions, and the so-called “nonbonded”
potentials, which are given below.

During the preparation phases of the dense matrices,
the following Lennard-Jones form for the van der Waals
potential energy, Urj, was used:

ULy (r) = 4e((olr)'? — (o/r)®) 1)

with r being the distance between two atoms, € the well
depth of the potential, and o the distance at which the
potential is zero. However, as discussed before,*3 the use
of such realistic nonbonded potentials is costly for MD
simulations of large glassy systems. Consequently, we
adopted the same approach as in our previous paper,*
where the realistic potentials were used only in the
preparation and relaxation phases of the polyimide
matrices before switching for the production to the
short-ranged repulsive WCA potential, Uwca:

Uyea(r) = 4e((0/r)'? = (0/r)°) + € when r < 2Y%
Uyea(r) =0 when r > 25

(2)

As far as He diffusion in polyimides is concerned, the
WCA form has already proven to be a reasonable
approximation for the LJ potential: the trajectories are
similar, and the diffusion coefficient is almost the
same.*3 This is possible since the glassy matrix is hardly
modified (see later) and He is a weakly interacting gas.
In the case of larger penetrants such as Oy or Ng, which
are expected to modify to some small extent the struc-
ture of the matrix,%65-67 or other glassy matrices,
caution has to be exercised when using a purely
repulsive potential approach.

Unlike diffusion,*® we have earlier analyzed He
solubility in a polyimide bulk with the realistic LJ form
using Widom’s test-particle insertion method.40:43.72.73
However, permeation is governed by both diffusion and
solubility, the latter being quite low for He in polyimides
compared to other gas molecules.?65-67 Since the switch
to a WCA potential reduces even more the penetrant
solubility, we did not use the realistic parameters for
helium derived from Lee et al.,"*i.e., 0 = 2.6282 A and
e/kp = 6.030 K. Instead, the € was kept the same than
for He, but the value of 0 was decreased to 1.88 A. This
new value gives a solubility coefficient for the penetrant,
with the WCA form (eq 2), which is the same as that
obtained with the LdJ form (eq 1) and the Lee parameters
for He, i.e., 0.06 cm?® (STP) cm™3 bar™1,4% the experi-
mentally estimated value for He being 0.04 cm?® (STP)
cm 3 bar~1.38 This ensures that the solubility of the gas
permeant in the membrane is comparable to that of the
reference bulk system. Standard combination rules were
used for most cross parameters,*3 the only exception
being for the gas—gas interaction parameters: these
were switched off completely so that it behaved ideally.

Electrostatic interactions were evaluated using the
Coulombic potential, Ueou:

Ucoul(r) = Qiqj/4~7t60r (3)

with g; and g; being the partial charges on atoms i and
J, respectively, and ¢y being the vacuum permittivity.
In the bulk system,*>*3 the Ewald summation method
was used.” 76 However, in the larger membrane model,
which is effectively periodic in two dimensions, the
Ewald sum is difficult to implement* and becomes
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totally prohibitive in terms of computational time. It
thus has to be replaced by other methods” such as tree-
based™ or mesh-based”™ 8! approaches. Here, a particle-
mesh technique using an iterative solution of the
Poisson equation was implemented.?? As in the Ewald
method, the technique separates the Coulombic interac-
tion into two parts: a short-range term and a smoothly
decaying long-range term. The short-range contribution
is calculated directly as a sum of pair interactions in
real space. The long-range term though is no longer
calculated in reciprocal space using Fourier transforms
but is handled in real space with a smooth projection of
discrete point charges to a grid®? followed by a multigrid
approach.8¢ The advantages of such a technique are (i)
it becomes progressively more efficient than Ewald as
system sizes increase, (ii) it can be parallelized within
a domain decomposition approach, and (iii) it is equally
applicable to periodic, partially periodic, or nonperiodic
systems.82

2.3. Preparation of the Models. 2.3.1. System
Sizes. It has been shown in the literature that the
influence of an interface will extend at least over a
distance spanning the average radius of gyration, [$2[¥2,
of the molecules under study.*7:48:50-52 This is certainly
the lower limit since ranges of 1—3 [$2[¥2 have been
quoted, depending on the molecules under study.4%:55:60

[$2[¥2 for the ODPA—ODA chains was evaluated
using a well-documented “hybrid PMC-MD single-chain
sampling” approach, which allows for chain configura-
tions characteristic of the equilibrium melt to be created
at the required temperature.4%-43:85-91 Since the experi-
mental glass-transition temperature of the ODPA—ODA
polyimide is ~520 K,38 sampling®! was carried out in
the melt at 700 K for a total of 5 ns using Uy (eq 1)
and Ugu (eq 3) as the nonbonded potentials. The
resulting mean-square radii of gyration, [$2[Jwas 3410
+ 20 A2 ie., 82002 ~ 58.4 A. Interestingly, the same
calculations carried out using either Urs (eq 1) or Uwca
(eq 2) on their own gave [$2(}2 equal to ~62.3 and ~62.0
A, respectively, as well as distributions indistinguish-
able from those obtained using Urj + Ucpul. As men-
tioned before,* this indicates that replacing the non-
bonded Urjy + Ugu combination by the much faster
Uwca potential will not modify significantly the chain
configurations.

To set up a cubic MD box with a side length of
~2[82[%2, 68 ODPA—ODA 40-unit chains were found to
be required, given that the experimental density at 300
K is 1368 kg m2.4% Such a membrane model amounts
to 141 100 atoms, and although larger systems would
be better for ensuring a complete distinction between
the surface layers and the bulk, computational limita-
tions prohibit increasing the size significantly. For
making comparisons with a periodic model of the bulk,
the 56 025-atom ODPA—ODA matrix from our previous
study*® was used. In the remaining part of the paper,
we will distinguish between both models by referring
to them as the “membrane” and the “bulk” simulations,
respectively.

2.3.2. The Membrane Model. The preparation of the
membrane model was based loosely on the experimental
solvent-casting process.?> The latter involves preparing
a 10% (w/w) solution of the polymer in m-cresol and
casting it onto a clean glass plate. Solvent is subse-
quently removed through an appropriate heat treat-
ment, and the film is peeled off the glass plate by
immersion in water.

Macromolecules, Vol. 38, No. 24, 2005

Step 1: As inserting and then removing explicit
solvent molecules would have rendered the simulation
too costly, the solvation procedure was instead mimicked
by choosing an initial volume for the 68-chain simula-
tion box corresponding to the density of a 10% (w/w)
solution. Since solvent evaporation occurs mostly through
the uppermost surface of a film, the basis vectors in the
x and y direction were left at the value expected from
the experimental ODPA—ODA density, i.e.,a = b ~ 115
A, while the basis vector in the z direction was increased
to ¢ ~ 1500 A corresponding to the density of 1067 kg
m~3, i.e., that of an ideal (90% m-cresol/10% ODPA—
ODA) mixture. The 68 chains were then generated
independently using the hybrid PMC-MD single-chain
sampling method (see section 2.3.1.) at 700 K with
Uwca. These chains were randomly reoriented and
distributed in the solution simulation box. Excluded-
volume was progressively introduced,??%3 and the simu-
lation was cooled to 300 K at a rate of —1 K ps~! through
loose coupling to a heat bath®2 with a coupling constant
equal to 0.1 ps.

Step 2: The process of densification resulting from
solvent evaporation was modeled by first adding an
impenetrable wall on either side of the box in the
z-direction of the “solvated” system in order to form the
interfaces. The impenetrable wall consisted of a 10-layer
tetrahedral diamond lattice arrangement of a total of
4200 atoms linked through flexible bonds and bond
angles. For the bonds, a simple harmonic spring poten-
tial was used with an equilibrium distance of 4 A and a
force constant of 8.2 kg s~2. For the bends, an harmonic
potential in the cosine of the bond angle®? was applied
with an equilibrium angle of 109.47° and a force
constant of 200 kJ mol~!. The middle of the wall was
placed on the periodic boundary in the z-direction so
that, effectively, some layers appear at the upper end
and some layers appear at the lower end of the polymer
box due to the continued imposition of periodic boundary
conditions, the wall being thick enough to prevent any
interactions between polymer chains on either side at
all subsequent stages. The resulting wall + polymer box
had a basis vector ¢ ~ 1760 A in the z direction. The
wall atoms nonbonded interactions were set to 0;; = 6.2
A and €;/kg = 119.8 K to maintain the tetrahedral
network and avoid any penetration by the polymer.
Since the surface area of a film remains quasi-constant
throughout the experimental solvent evaporation pro-
cess, the model wall + polymer box was subsequently
compressed by shrinking the length of the cell in the z
direction, while rescaling the z-positions of all atoms at
each time step in an affine manner, over 135 ps at 300
K and over 25 more ps at 700 K to ~160 A. During this
period, the surface area in the x—y plane was kept
constant. The target box length was chosen to take into
account the dimensions expected from the experimental
pure ODPA—ODA density for the polymer and the
length of the wall.

Step 3: Experimentally, once most of the solvent has
been evaporated at ambient conditions, the membranes
are heat-treated to remove residual solvent and to relax
internal stresses. To take this step into account, a
constant-volume (NVT) run of 3000 ps at 700 K with
Uwca was performed in order for the chains to relax
locally. At this point, the full Ury + Ucoy nonbonded
potentials were introduced. The LJ potential was trun-
cated at 10 A, and long-range corrections to the energy
and the pressure were applied.!® Parameters associated
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with the lattice diffusion multigrid procedure for the
calculation of the long-range electrostatic forces®? were
as follows: the 8 coefficient was set to 0.24 A~1, and
the mesh spacing in the x, y, and z directions were
respectlvely he=0.583 A, hy, = 0.589 A, and h, = 0.655

Charges were 1nterpolated onto the grid via a
Gaussian charge spreading where every particle charge
was distributed over the 64 closest grid points. The
optimized value for the charge-spreading diffusion coef-
ficient was D' = 0.0578 A2 per iteration, and the number
of steps for the diffusion scheme was Ny = 72. As
expected from the very large size of the model mem-
brane, the change of nonbonded potentials typically
increased the required simulation time by a factor of
~70.

In the subsequent NVT run at 700 K with the full
potential switched on, the Lennard-Jones energy quickly
settled, in ~20 ps, to a stable value. The Coulombic
energy was also found to decay quite rapidly from
approximately —360 J g~! (of polymer) to —1100 J g~!
in the first 50 ps and then continued to slowly decrease,
reaching a value of about —1110 J g~! by 250 ps. The
system was then cooled to 300 K and allowed to settle
for 100 ps. At that temperature, the Coulombic energy
only drifted from —1145.5 to —1145.2 J g~! in 50 ps.
Since the system is in the glassy state and the overhead
of running the Ury + Ugu nonbonded potential is
extremely heavy, the equilibration procedure for the
membrane matrix was deemed to be sufficient at that
stage. The dimensions of the box were slightly read-
justed to have the same density in the middle part of
the polymer than in the corresponding pure bulk model.
The final basis vectors were a = 112 A, b = 113 A, and
¢ = 158 A. The preparation procedure of the 27-chain
bulk model has been described in detail previously.*3
Its final average density at 300 K and 1 bar was ~1378
kg m~3,

2.3.3. Insertion of Gas Probes. As explained earlier,
the Uy + Uou nonbonded potentials were replaced with
the much faster Uwca, thus allowing for far longer
simulation times to be attained. The overall structure
of the glassy matrices is hardly modified, and penetrant
motion within the matrix is very similar.#® On the other
hand, there is a well-known caveat associated with the
use of the purely repulsive WCA potential in that, to
maintain the density, either the simulations have to be
run at constant volume or a compensating (over)-
pressure field has to be applied. In the bulk, running
under NVT conditions poses no problem. For the mem-
brane, the density of the polymer was maintained by
keeping the 10-layer wall in place. To insert the gas
probes into a “vacuum” either side of the polymer, the
€;j cross parameter between the wall atoms belonging
to the three layers neighboring the polymer on either
side of the membrane and the gas probes was set to zero.
In this way, the four middle layers of the wall were
impenetrable to both polymer and gas, while the three
wall layers closest to each wall/polymer interface were
impenetrable to the polymer but invisible to the gas.

The next consideration is how many gas probes should
be introduced into the systems. As discussed previ-
ously,*3 if one were to respect the experimental solubility
and conditions, i.e., an externally imposed pressure of
3 bar at room temperature,3® it would amount to less
than four gas probes being inserted into the 56 025-atom
bulk matrix. To both improve the statistics for the
diffusion of the penetrants and remain consistent with
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respect to the solubility of He, we have in the past set
the number of gas probes inserted into the polyimide
matrix, n,, and adjusted the external pressure, P,
accordingly.*®> On the other hand, in simulating an
actual membrane, we must calculate the amount of gas
to insert into the space either side of the membrane
given that, as in reality, we cannot control the uptake
of gas by the polymer.

In atomistic simulations, the solubility S at a certain
temperature 7T is usually estimated using Widom’s test-
particle insertion method and the change in potential
energy AU associated with repeated insertions.”2.73
While sorption in glassy polymers is most often de-
scribed by the “dual-mode model”,%3% small and not
very soluble penetrants such as He are found to follow
well Henry’s law; i.e., the solubility of dissolved gas is
linearly proportional to the pressure. This infinite
dilution limit of S can then be simply related to the
probability of insertion for the gas into the polymer, pip,
with kg being the Boltzmann constant:

s 0oy =g~ 27 4

Now, if one considers an actual interfacial system
constituted of a polymer membrane of volume V,, with
some free space for the gas phase on either side
amounting to a total volume V,, the probability of
insertion for an ideal gas will be 1 in the gas phase and
Dip in the polymer, assuming spatial invariance within
the membrane itself. For N insertions, the total number
of gas probes in the gas phase, ng, will thus be

WV (5)
n,=o——=—

& V,+p,V,
ngis directly linked to the external pressure, P, on either
side of the membrane by PV; = ngksT, and can thus be
replaced by its expression in eq 5:

NEgT

Vg + pipr

(6)

In a similar manner, the total number of gas probes
inserted into the polymer, n,, can be obtained by

_ NpyV,

n o=__ PP
P Vg +pipVp

(7

From the common denominator in eqs 6 and 7, it follows
that

Pp,,V,
n,~ kB—T (8)

In this work, we used the same compromise as before
for the bulk;*? i.e., 225 gas probes were inserted into
the polymer matrix, which from a reverse use of eq 8
would correspond to an external pressure of 220 bar.
The actual procedure for insertion has also been de-
scribed earlier.#3% The number of gas probes to intro-
duce into the membrane model (a total of n, + n,) was
obtained under the same conditions by taking a crude
estimation of the volume of the polymer, with a prob-
ability of insertion of pi,, and of the volume of the free
space accessible to the gas, with a probability of inser-
tion of 1. The resulting number of gas probes was 1780,
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of which half were randomly inserted in the free space
on one side and the remainder into the free space on
the other side of the polymer membrane.

Interestingly, Kikuchi et al.?¢ have carried out non-
equilibrium MD simulations of a three-phase model,
referred to as a “permeation model”, consisting of a
rubbery matrix sandwiched between “virtual” liquid
phases on either side, which maintain the polymer in
place. Gas molecules, which do not interact with the
virtual liquid, are then introduced on one side of the
membrane.®” In parallel, they created “sorption models”,
where the gas molecules were equally exposed to both
sides of the polymer membrane and found analogous
permeation curves for both their “permeation” and
“sorption” models.?® In the present work, since our
primary interest lies in the skin effect of the membrane
and gas probes do not interact with each other, averag-
ing over penetration from both sides of the matrix
seemed preferable. This is of course different from the
experimental setup for permeation, which usually re-
quires a pressure gradient in order for the transport to
be monitored.?® In a simulation, it is straightforward
to know where the gas probes originate from and follow
their motion. Consequently, no external pressure gradi-
ent needs to be applied.

Considering the above, it is legitimate to wonder
whether Henry’s law is still valid and whether gas
concentration influences the permeation results. For the
purpose of this paper, this is not especially relevant as
the number of probes in both systems was adjusted in
a consistent way. In addition, unlike slower pen-
etrants,” the gas probe does not have a tendency to
occupy void spaces within the matrix for a long time
and “prevent” them from being accessed by other probes.
As far as gas solubility is concerned, we do not expect
to see a significantly different result either as, with
typical bulk moduli ranging from several GPa% to 100
GPa for some polyimide fibers,%0 220 bar induces a
change in density which is very minor. It will be shown
that Widom’s insertion technique is indeed a good
approximation for characterizing the solubility of the
probe in the membrane and that results are consistent
with Henry’s law.

The production run for the bulk model was carried
out over 5000 ps at constant volume. The membrane
model was simulated for a longer period of 10 000 ps in
order to allow for a steady-state gas concentration
profile to develop. In both cases, configurations were
stored at 10 ps intervals and thermodynamic and
conformational data every 1 ps for postanalysis. Sche-
matic representations of the membrane model including
an interface, diffusion of the gas probes, and pref-
erential arrangements of the polymer chains are given
in Figure 2.

3. Results and Discussion

The procedure presented above is only one of many
ways the glassy polyimide membrane could have been
prepared. As will be shown, it leads to rather “flattened”
chains throughout the whole membrane model, which
obviously differ from those in the bulk. Relatively simple
alternatives would have been to scale the chains centers-
of-mass along the z-axis or to start from a preprepared
bulk model in order to preserve the original structures.
However, it is highly unlikely that such rigid chains
would have had the possibility to relax on the MD time
scale in a way consistent with the fact that polymers
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Figure 2. Schematic representations of (a) a close-up of the
ODPA—-ODA membrane surface on the right side (cyan = C,
red = O, blue = N, white = H), with dimensions of ~32 A along
the y-axis and ~15 A along the z-axis. (b) Gas diffusion through
the membrane (snapshot at 400 ps). For clarity, gas probes
have been colored in yellow (larger radii) when starting from
the left and in red (smaller radii) when starting from the right.
Also shown in orange is that part of the diamond-like wall
which is impermeable to both polymer and gas. (c) Cross
sections of width 5 A along the z-axis. Only polyimides
backbones are displayed. The left was taken from the middle
of the bulk model while the right is the 5 A slice of the
membrane model closest to the interface. All are displayed
using the VMD 1.8.2 software.!??
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Figure 3. Mass density distributions for the polyimide atoms
as a function of the distance o from the center-of-mass of the
membrane along the three a = x, y, and z directions. The p(a)
curves have been symmetrized about the membrane COM and
normalized with respect to the bulk model density, ppux = 1378
kg m~3. The slab width is 0.5 A.

are known to form ordered and densely packed layers
in contact with solid surfaces.?152:55.101 The same limita-
tion would certainly occur if one was to extend the z-axis
in order to eliminate interaction of the parent chains
with its image in this direction as has been proposed
for other more flexible polymers.?862.102 Although we
have also recently developed a multiscale approach to
that problem involving MD simulations of coarse-
grained chains,193:104 it requires a well-parametrized
coarse-grain model, something which we do not have
for the moment for the polyimide chains and which is
well beyond the scope of the present paper. Similar
approaches using reverse mapping from equilibrated
coarse-grained models involving dynamic MC proce-
dures have been reported elsewhere.?®%1 We note that
this has actually been applied to three BPDA-based
polyimides bulk models,' but it is unclear whether the
obtained model densities were in agreement with the
real systems.

While the question of the influence of the glassy film
preparation procedure remains open, the main point of
this study is to ascertain whether the interfacial struc-
ture alone can have an influence on gas permeation. For
this purpose, we first characterize in section 3.1. in
which ways the structure of our membrane model differs
from that of the bulk. At later stages, we analyze
whether our interfacial structure really does lead to
different diffusion (section 3.2) and solubility coefficients
(section 3.3).

3.1. The Membrane vs Bulk Polyimide Matrices.
3.1.1. Polymer Densities. The preparation procedure
for the ODPA—ODA 56 025-atom bulk model*? led to a
density of ppux = 1378 kg m~3, i.e., in excellent agree-
ment (~0.7%) with the experimental value of 1368 kg
m3.38 To assess the effect of the surfaces in the
membrane model, the mass density distribution, p(o),
of the polymer chains was calculated as a function of
the distance, o, from the middle of a given slab to the
center-of-mass (COM) of the membrane along the x, y,
and z directions. Slabs of width 0.5 A were chosen as a
compromise between sufficient statistics and a reason-
able resolution. The three p(a) functions, normalized
with respect to the density of the bulk model, are
displayed in Figure 3.

As expected from the preparation, the p(a) do remain
very similar to ppuk for slabs spanning the full x and y
lengths of the model. It has been shown earlier47:49-52.55,64
that the chains tend to form some densely packed layers
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Figure 4. Average second-order Legendre polynomial func-
tions with respect to the z axis, Px(cos 6.), for pivot angles
situated in slabs of width 2 A. They are shown as a function
of the z distance from the position of the pivot angle middle
atom to the membrane COM. Ether bridges and ODPA—-ODA
links are COC and CNC angles, respectively. The curves have
been symmetrized about the membrane COM, and the stan-
dard errors are smaller than the size of the symbols.

at the vicinity of planar surfaces, which is clearly the
case along the z-axis. The total length of the membrane
being considered from its average limit as 65 A on either
side of its center-of-mass, the ODPA—ODA polyimides
exhibit a well-defined high-density peak with a maxi-
mum situated at ~3.5 A and a trough at ~6 A from the
interface. It is also possible to identify an attenuated
second layer, which extends over ~7 A from the first
peak, i.e., from ~6 to ~13 A from the interface, but the
remaining slab densities cannot be distinguished from
obulk- The density is thus only perturbed on a relatively
limited range at the proximity of both interfaces, in
agreement with other studies.?2:55

3.1.2. Chain Conformations and Alignments.
Since polyimides such as the ODPA—ODA (Figure 1)
are mostly made up of cyclic structures, their only real
degrees of freedom are their “pivot angles” which
correspond to the flexible ether linkages of the ODA
and ODPA moieties (C—O—C bends and C—0O—-C-C
torsions) and the more rigid ODPA—ODA linkages
(C—N—C bends and C—N—C—C torsions).4® While reli-
able statistics on the [9% transUor [% gauchellcould not
be obtained for small slab widths, the degree of align-
ment of the chains with respect to the interface could
be characterized using the first two Legendre functions,
Pi(cos 0,) and Psy(cos 6,), where the angle 0, for a triplet
of atoms {i, j, k} is that between the o-axis and the
vector between atoms i and %.106

Both Legendre functions were calculated for the pivot
angles, as a function of the distance in the z direction
between the middle atom (j) and the membrane COM.
With a resolution of 2 A, all Pi(cos 6,) remain close to
zero, which shows that the results are statistically
significant. The P, function indicates preferential align-
ment as its limiting values, with respect to the normal
to the interface, are —/5 for a perfectly perpendicular
alignment, 1 for a perfectly parallel alignment, and 0
for a random alignment of the vectors defining 6,. The
average Pa(cos 0,), Pa(cos 0,), and Ps(cos 6,) were found
to be zero for all pivot angles in the bulk model, thus
confirming isotropy in that system. On the other hand,
Figure 4 shows that there is a tendency along the
z-axis toward perpendicular alignment of these back-
bone pivot angles with respect to the normal to the
interface, i.e., a parallel alignment with respect to the
surface and thus, by consequence, an alignment of the



10292 Neyertz et al.

4000 7 300
3000 | "
N R
& 2000 E J F
NA F ] VN
S~
% 3 100 o,
1000 E ] S
0 1 P 1 l 0
20 30 40 50 60
z/ A

Figure 5. Mean-square radii of gyration as a function of the
z distance from the chains centers of mass to the membrane
COM. Note that these plots are double-Y with, on one side,
the total (filled circles) and, on the other side, the component
perpendicular to the membrane surface multlphed by three
(open squares). The bin width is 5 A, and the curves have been
symmetrized about the membrane COM.

chains.47:49:50,55.107 The aromatic rings align in the x—y
plane, which can also be seen in Figure 2c. This effect
is very pronounced at the immediate vicinity of the
interface, where the angles are almost perfectly parallel
to the surface. However, the alignment of the chains
persists into the core of the membrane, to a degree
depending on the type and flexibility of the pivot angle
under consideration (Figure 4). This persistence of
orientation originates from the flattening induced in the
chains during the compression step of the model prepa-
ration. The very low mobility of the glassy chains and
the restricted amount of simulation time ensures that
this feature remains throughout the whole membrane
model. It should also be recalled that, despite its high
cost in terms of computing power, the 141 100 atom-
system “only” spans two [$2[¥2 for ODPA—ODA. As far
as the membrane Ps(cos 6,) and Pa(cos 6,) functions are
concerned, they tend toward small positive values,
typically of the order of 0.1—0.15. This is not surprising
since they are inextricably linked to Ps(cos 6,) by the
sum of the squares of the direction cosines being equal
to one. The important point is though that there is no
preference with respect to either x or to y. The clear
alignment with respect to the z-axis is thus the main
perturbation in the membrane model.

3.1.3. Chain Configurations and Structures. The
polymer chain configurations were analyzed by calculat-
ing [$20] The number of chains being relatively small
(27 in the 56 025-atom bulk model vs 68 in the 141 100-
atom model), the statistics are rather limited. In the
bulk, [$%0jux was found to be on average 3560 A2 with

a standard deviation of 1340 A2.43 In the case of the
membrane model, ES' Ghembrane = 2760 A2 with a standard
deviation of 1420 A2 The tendency for the chains in the
membrane to become flattened while they are aligned
parallel to the surface is best visualized in Figure 5,
which displays the histogram of [$20in slabs of 5 A
width accumulated according to the z distance between
the chains centers-of-mass and the total membrane
COM. [$20has also been resolved into its components
perpendicular, [$2[] and parallel to the interface, and
the former are shown in Figure 5 on a different scale.
If the system was isotropic, 3[8Zwould be equal to [$2[]
which is clearly not the case. Indeed there are almost
no contributions to [$2in the direction perpendicular
to the interface, and the main components are the ones
parallel to the interface. The large variations in [$20]
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Figure 6. (a) Typical trajectories of gas probes along the z
direction of the membrane model. (b) Individual «x, y, and z
components of the MSDs for penetrants situated in the region
10 A to either side of the membrane COM at time to. The MSDs
have been averaged over all possible time origins of the
production run. At larger time intervals (>300 ps) the MSDs
curve upward as atoms initially toward the center start to
diffuse out of the membrane. The x, y, and z components of
the equivalent curves in the bulk model have been averaged
together since their standard deviation did not exceed 1% of
their mean for a given time interval.

reflect the low number of chains contributing to a given
slab, but the [$-20show that the flattening effect also
extends into the heart of the membrane model. It is
worth noting that, in agreement with Figures 3 and 4,
well-aligned chains in the immediate vicinity of the
membrane are more flattened than the others. Similar
results have been obtained elsewhere.47:49-52,54

3.2. Diffusion in the Membrane vs the Bulk
Models. 3.2.1. Individual Trajectories. The trajec-
tories of individual gas probes were extracted from both
the bulk and the membrane models. The mechanisms
underlying the mobility of penetrants in polyimide bulk
molecular models are now fairly well documented18-21:4391
and consist mainly of a succession of oscillations within
available free volumes and jumping events. This type
of motion is directly linked to the limited fluctuations
of the glassy matrix, which allow for the temporary
opening of channels and penetrant hops between dif-
ferent voids.”1,73,108

A typical curve for helium diffusion through the bulk
model can be found in our previous work.*3 In the
present case, the use of a smaller o for the gas probe
does not qualitatively change this behavior, but the
times of residence within specific holes of the polymer
matrix are even more reduced and positional fluctua-
tions are larger. This is clearly seen in Figure 6a, which
displays two typical paths out of many for diffusing gas
probes along the z direction of the membrane model.
The probes remain for various times on either side of
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the membrane but, once inside behave in very similar
ways with a continuation of efficient jumps and very
little time spent at a given site. The paths are not
necessarily productive in terms of permeation in the
sense that some probes can come back to the side of the
membrane they started from.

To assess whether diffusion in the x and y direction
occurs on the same extent than that in the z direction,
mean-square displacements, MSDs = [lr;(¢+29) — ri(¢))20]
were recorded as a function of time for all penetrant
probes situated, at ¢y, in the region 10 A to either side
of the membrane or of the bulk COM. By choosing those
probes in the middle of the membrane and restricting
the analysis to relatively short time intervals, the
influence of those gas atoms which diffuse out of the
membrane is minimized. The MSDs were then resolved
into their components along the x, y, and z axes. The
results are given in Figure 6b and show that diffusion
is anisotropic in the membrane model, at least at short
times. Indeed, the z-component of the gas MSDs is
systematically lower with respect to the bulk by ~20%.
On the other hand, it is compensated by an increase in
both x and y components of the MSDs. Since standard
deviations on the average of the x, y, and z components
in the isotropic bulk are less than 1%, the differences
in the components of the membrane penetrants are
significant. The alignment and flattening of the chains
in the anisotropic model thus leads both to a more
difficult “straight” crossing of the membrane and also
to a slight channeling effect along the x—y plane, also
visualized in Figure 2c.

3.2.2. Diffusion Coefficient in the Bulk. The most
common way to obtain gas diffusion coefficients in MD
simulations of bulk polymers*3 is to average the MSDs
over all penetrants and over all possible time origins of
the production runs, ¢y. The self-diffusion coefficient D
can then be evaluated using Einstein’s equation,*3
which, for the present case, led to Dyyx = 7.9 x 1075
cm? s71. In systems where the concentration of the
diffusing species is large and penetrant—penetrant
interactions cannot be overlooked, it is better to calcu-
late instead a corrected diffusion coefficient, which
accounts for the collective motion of particles under a
macroscopic gradient.19%110 However, in the present
case, there are no interactions between gas probes, and
D is thus a valid approximation for the true diffusivity.”

A second method is to accumulate the probability
density distribution of displacement vector components,
which can be fitted by a single Gaussian curve in the
Fickian regime.*3:111 The corresponding diffusion coef-
ficient was found to be Dy = 8.0 x 107% cm?2 s~1, which
is naturally in very good agreement with that evaluated
using the MSDs. Finally, the consistency of these
analyses was assessed using a third method, which
involves calculating the self-part of the van Hove
correlation function, G(r,t).43:112:.113 We found 8.2 x 1075
cm? s71 for Dpyi, thus confirming the former results.

3.2.3. Diffusion Coefficient in the Membrane. In
the membrane model, diffusion must be considered as
a function of z and possibly also of the concentration of
the gas at z, ¢(z).11* The direct resolution of the one-
dimensional Fick’s law diffusion equation using D(z,c(2))
and taking into account appropriate boundary condi-
tions is not straightforward to fit to the obtained time-
and z-dependent gas concentration.14

With the atomistic representation of the surface of
the polyimide film used here (Figure 2a), the first
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Figure 7. A close-up of the slab mass densities averaged over
the 6—10 ns interval of the production run for the gas (left
axis) and the polyimide (right axis) at the vicinity of the
interface and as a function of the z distance from the
membrane COM. The p(z) curves have been symmetrized
about the membrane COM, and the slab width is 1 A.

problem is to define the width of the membrane, L. We
used the fact that, at long times, the penetrant concen-
tration should tend toward a constant consistent with
its solubility in the membrane and the effective external
pressure of the gas. Figure 7 shows a close-up in the
vicinity of the interface of the symmetrized slab mass
densities averaged over the last 6—10 ns of the produc-
tion run for both the gas and the polyimide membrane.
In this period, the gas mass density remains quasi-
constant at a value of 2.84 kg m™ with a standard
deviation of 0.16 kg m~3 up to |z| = 61.5 A and then
increases dramatically, indicating that probes with |z|
> 61.5 A can be considered as belonging to the gas
reservoir. As 61.5 A also corresponds to the position of
the density maximum in the first peak for the polymer
membrane (Figure 7), the latter will be defined as —61.5
A = z = 61.5 A. The outside gas distribution extends
up to |z| = 70.5 A, i.e., for ~9 A on either side of the
membrane. In a following section we show that, despite
the limited width, we just about attain ideal gas
behavior at the center of this zone. In fact, extending
the width of the ideal gas zone will not change the
boundary conditions regarding the diffusion equation
that has to be solved here and will just lead to longer
calculations.

The second step is to assess whether the diffusion is
consistent or not with the simplest solutions of the one-
dimensional diffusion equation of a substance into a
permeable membrane, where D is assumed to be inde-
pendent of both z and concentration, D,. Solutions for
this case are characterized!1%114 by a linear relationship
between the weight gain of the polymer and tV2. The
relative number uptake of gas probes in the membrane
over the whole simulation run is presented as a function
of tV2 in Figure 8 (solid line). In the initial 100 ps of the
simulation, corresponding to the first entry of probes
in the membrane, uptake scales roughly as #035, but the
slope found is highly dependent on the definition of the
limits of the membrane. From 100 to 2000 ps, the
uptake curve scales linearly as V2, thus suggesting that
gas diffusion is consistent with a single value of D, in
the time interval characteristic of the penetration and
the motion through the membrane. After 2000 ps, gas
probes have had time to diffuse through the entire
membrane and start to exit in significant numbers
through the second interface. At this point, the uptake
curve tends toward a plateau which is attained at ~6000
ps. Of course, afterward, gas probes keep going in and
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Figure 8. Relative number uptake of gas probes, defined as
the number of gas probes in the membrane at time ¢ divided
by the number found in the steady-state regime, shown over
the 10 000 ps of the membrane model production time (solid
line). For a better identification of Fickian diffusion, the data
are plotted as a function of V2 along with a linear fit to ¢/
obtained from the gas uptake over the 100—2000 ps time
interval (dashed line). The squares are obtained from an
appropriate numerical fit of the diffusion data in the steady
state (6—10 ns), extrapolated to 10 000 ps for comparison (see
text for details).

out of the membrane, but their total number within the
polymer remains quasi-constant as well as the average
numbers in each reservoir. This steady-state covers the
6—10 ns of the production run and is associated with
the constant gas distribution displayed in Figure 7. In
fact, the peak in the gas distribution between the
membrane and the wall at |z| = 66.5 A coincides with
the point where the Widom test particle insertion
probability (see later) tends to one. We can thus use the
equilibrium gas density at this point to estimate the
partial gas pressure using the ideal gas law, Pg,sV =
ngaskT, which gives Pgas = 340 bar. The initial pressure
at the same z and at the start of the simulation was as
high as 500 bar. The equilibrium value is larger than
the bulk value of 220 bar since the number of gas probes
to insert into the membrane model was initially esti-
mated assuming that the volume between the polymer
and the wall would be homogeneously occupied by the
penetrant. This is not the case due to the geometry and
the fluctuations in the walls and in the membrane.
Up to now, we have considered the whole diffusion
data taken from the start of the simulation. This
nonequilibrium experiment is instructive but is expen-
sive to repeat. We can, however, obtain similar gas
concentration vs time curves from an equilibrium
simulation simply by artificially labeling gas probes as
being on the “left”, z;(¢9) < —61.5 A, or on the “right”,
zi(tp) > 61.5 A, at any particular time origin of the
simulation and then subsequently following the evolu-
tion of the distribution of these ¢y-labeled atoms. In this
way, the time-dependent concentration profiles in the
absence of any net flux can be generated by averaging
over all possible time origins in the steady-state part of
the simulation. As for the nonequilibrium case, the
distributions for “left” and “right” molecules are subse-
quently symmetrized. These distributions can also be
used to determine the uptake of the tagged particles into
the membrane. Despite the different conditions, the
equilibrium results (not shown) are superimposable
with the nonequilibrium uptake curve (solid line of
Figure 8) over the range of time accessible to the former.
This suggests that the results are relatively insensitive
to whether the membrane already contains gas probes
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Figure 9. Mass density distributions showing the diffusion
of labeled gas atoms into the membrane at time intervals of
100, 200, 500, and 1000 ps extracted from the steady-state
regime (6—10 ns) of the production run. The actual profiles
(displayed with symbols) have been averaged over all possible
time-origins by labeling gas probes which are inside or outside
of the membrane, defined by L/2 = 61.5 A, at each time origin.
They are shown as a function of 2’ =z + (L/2). The slab width
is 1 A, and the profiles have been symmetrized so that
molecules initially on the left side or on the right side of the
membrane are considered as being equivalent. The lines are
fits to the form of eq 9 with a constant diffusion coefficient of
6.8 x 1075 cm? s ..

or not. Although it is known that pressure can have
effects in actual membranes depending on the diffusing
molecule type,'® the range of pressures applied here
and the nature of the penetrant do not lead to any
noticeable effects.

If it is assumed that, within the membrane, D, is
independent of the concentration and of the z position
and that diffusion in the gas phase is considerably
higher, then the following relatively simple solution for
a semiinfinite system!1%114 is an instructive approxima-
tion:

c(@'t) =c, erfc( 2 ) 9
4Dt
In the above equation, z' is the coordinate in a reference
system where z' = 0 is the left edge of a membrane
which extends to z' = +oo. This solution is obtained given
the following boundary conditions: c¢(z' = 0, ¢ = 0) = 0;
c(z' =0,t > 0) = co. In our case, where the membrane
is of finite length, we can define z' =z + (L/2), where L
= 123 A is the “width” of the membrane and z is the
coordinate in the frame of reference of the membrane
COM; the change of variable implies that 2z’ = 0
corresponds to one extremity of the membrane and 2z’
= L with the other. In addition, we have to recognize
that the solution given by eq 9 is only valid up to the
time when gas probes begin to cross the membrane,
which happens around 2000 ps. To avoid possible
artifacts due to the decreasing gas pressure on either
side of the membrane (as the number of gas probes
moving into the membrane is not negligible given the
limited reservoir), successive slab mass density profiles
for those penetrants which have entered the membrane
over a time interval of ¢ were obtained as a function of
z, using only the steady-state regime of the simulation
(6—10 ns), as mentioned above. They are displayed in
Figure 9 along with fits to the form of eq 9 for each given
time interval ¢. While all the fits lead to a constant
diffusion coefficient of D, = 6.8 x 107° cm2s71, it is clear
from Figure 9 that the co coefficient in eq 9 slightly
decreases with increasing ¢. This simply shows that the
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stationary source boundary condition, c(z' =0, ¢ > 0) =
co, justifiable in the case of a constant partial pressure
of the penetrant gas in the reservoir, is not consistent
with the conditions used here; i.e., the partial pressure
of the labeled gas probes in the (fixed volume) reservoir
gradually diminishes as they diffuse into the membrane.
Consequently, eq 9 cannot be considered on its own as
fully appropriate for the determination of the diffusion
coefficient.

To avoid the problem of the inappropriate boundary
conditions associated with the analytical solutions given
in eq 9, it was decided to compare the results with a
numerical solution of the one-dimensional diffusion
equation.!* To do the numerical integration, the range
of the membrane in the z dimension was divided into
equal intervals of 0z = 1 A and the range in ¢ into
intervals of 6t = 0.1 ps. Using finite difference methods,
the concentration at the middle of a slab z and at time
t + Ot, c(z,t+0t) can be obtained with good precision
using the following algorithm:

cle,t+0t) = clat) + D, %(c(z + 02, +
Z
c(z — o0z, t) — 2c(z,t)) (10)

provided that (D, 6#/6z2) < 1/5.11* At the start of the
numerical integration, the gas concentration at the left
edge, zmin, of the membrane was set using the average
gas mass density of 2.84 kg m~3 inside the membrane
at steady state. The initial amount of gas in the
reservoir to the “left” side of the membrane, @1,(0), was
determined from the integral of the actual average gas
distribution in the steady state (Figure 7) for z < zpin.
Over the integration loop, the amount of gas either
remaining in the left-side gas reservoir, @(¢), having
diffused into the membrane, @u(#), or having exited
through the right interface, @r(¢), was evaluated at each
ot. These values were then used immediately to reset
the imposed concentrations at the left and right edges
of the membrane:

C(Zminao) QL(t)/QL(O) (11&)
2 mapt) = €(Znin,0) Qr®)/Q;(0) (11b)

C(Zmin’t) =

This is a reasonable approximation given that diffusion
in the gas reservoirs is significantly higher than that
in the membrane; i.e., it can be assumed that the gas
distributions in the reservoirs are always proportional
to the equilibrium one. Using this approach, the best
fits to the equilibrium-determined concentration density
profiles at different times were obtained with a value
of D, = 7.5 x 107° cm? s~!. Examples of these fits are
given in Figure 10. Since our specific boundary condi-
tions are now well taken into account and the resulting
diffusion coefficient is still close to that obtained from
the analytical solution of eq 9, it can be safely assumed
that the latter is a reasonable approximation. The
nonconstant ¢y exhibited in Figure 9 is thus of little
significance as far as the diffusion coefficient is con-
cerned.

Using the best fit value for D, of 7.5 x 107> cm?2 s71,
the numerical integration procedure was carried out up
to 10 ns so as to compare the predicted uptake of gas
probes with that actually obtained using the whole
production run. The numerical integration results are
displayed as squares in Figure 8, and these are obvi-
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Figure 10. As Figure 9 except that the lines are now from
numerical solutions of the one-dimensional diffusion equation
using the algorithm given in eq 10; they are displayed as a
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Figure 11. Average number of gas probes that at the time
origin are on one side of the membrane but are to be found on
the other side at a time ¢ later. The mean has been taken over
all possible time origins. The dashed line is a fit to the curve
in the steady-state regime (6—10 ns), which allows the
identification of the time lag as the point of intersection with
the time axis.

ously in good agreement with the nonequilibrium ex-
periment. This confirms the suggestion that the results
are relatively insensitive to whether the membrane
already contains gas probes or not.

A third way to estimate the diffusion coefficient in
the membrane is to perform a time-lag analysis, analo-
gous to what is done experimentally®®115 by following
the quantity of penetrants that have crossed the mem-
brane after a given time interval ¢. The intercept on the
time axis with the extrapolated linear steady-state
portion of the curve is called the time lag, 6, and is
directly related to the width of the membrane, L, and
to the diffusion coefficient D, by

L2

DZ—@

(12)

The resulting curve is shown in Figure 11 and shows
the typical profile of a permeation experiment.?® The
intercept of the time axis with the extrapolated linear
steady-state portion of the curve leads to a time lag of
6 = 3170 ps. It should be noted that the assumption
behind eq 12 is once again that the gas pressure in the
left reservoir is constant; thus, the concentration at the
left interface is constant. However, we have seen that
the gradually diminishing concentration at the interface
does not have any significant effect on D,. This is
confirmed by the value obtained from eq 12 of D, = 7.9
x 1075 em? s~1, which is in very good agreement with
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the diffusion coefficients obtained from both the analytic
form (eq 9) and the numerical (eq 10) approach. More
importantly, we do not find any notable difference with
the Dpuik, thus showing that the diffusion coefficient is
neither governed by the presence of a high-density
interface nor by the changes in polyimide chain con-
figurations and packing.

3.3. Solubility in the Membrane vs the Bulk
Models. With our parameters for the gas probe, the
average probability of insertion for the gas into the
polymer, pip, using Widom’s insertion technique’ is
equal to 0.055 & 0.001, which, expressed in cm? (STP)
cm 3 bar~1, gives 0.049 + 0.001, in close agreement with
the experimental value for helium.38 Widom’s insertion
technique was applied as well to the membrane model,
and the results were analyzed as a function of the z
coordinate of the test particle. A 1 A resolution for the
accumulated histogram was used, and the results were
averaged over a total of 5 million insertions for each
configuration taken from the last 5 ns of the production
run. Insertion probabilities, [pi,(z)[) were also obtained
independently from eq 8 since the latter can be rewrit-
ten as pip = (MpMgas/Vp)(RBT/Pgasigas), Where mg,s is the
mass of helium, nymg,/V5 is the equilibrium density of
the gas probe in the polymer, and Py, is the equilibrium
partial pressure of the gas in the reservoir, this latter
value being taken to be 340 bar, as was estimated above.
This simple alternative, which basically amounts to
counting the number of gas probes inside the polymer,
has been used for example in binary-phase gas/polymer
models.?%116 The results from both techniques are
displayed in Figure 12a and are clearly superimposable,
thus showing that Widom’s insertion technique is well-
suited to the estimation of gas solubility in these
systems. Figure 12b shows the average equilibrium gas
density in the reservoirs on either side of the membrane,
along with the corresponding Widom’s insertion prob-
abilities. The latter go to 1, indicating that, despite the
fairly limited size of the reservoir, an ideal gas phase
is attained at the center.

It can also be seen from Figure 12 that there are no
gas adsorption layers at either the polymer or wall
surfaces. This could only occur if there are attractive
interactions between the surfaces and the penetrant.
However, as we will show in a subsequent article, even
in the case of a free-standing polymer membrane in the
presence of attractive potentials, this polyimide surface
is actually too diffuse for a noticeable peak in pgas(2) to
develop.

Despite the differences in chain configurations and
alignments, the insertion probability in the center of the
membrane is quasi-identical to that in the bulk. A very
slight dip in solubility is found close to the interface at
a point coinciding with the inner part of the high-density
peak in the polymer mass distribution but is insufficient
to represent any real barrier to diffusion. It should be
noted that the relationship between density and solubil-
ity!17 is not very straightforward. Higher density should
lead to less space available for penetrants, i.e., lower
solubility. On the other hand, high density leads to
higher cohesion energy density (CED), i.e., more solubil-
ity.31 These effects could then be competing for the
behavior of solubility, which include both enthalpic and
entropic terms.!18 In the present model, we do not see
an increase in solubility in the denser part of the
membrane. To confirm that this is not an artifact due
to the use of the purely repulsive WCA potential (eq 2),

Macromolecules, Vol. 38, No. 24, 2005

@ o2 R R AR AT 2000E
C polyimide : <]
i | ]
= 4 =3
] =
A : ] g
FAN m from Widom | ] )
N o1 E 3 1000
a [ = — -fromgas p(z) | ] 2
e- | eeeeeeees bulk r ] &
i / ] ~
o l""\'"l"i' """""""" = =
- 1 (9
g,
0 .........l.........l........-0 “«
50 55 o 60 65
z/ A
— 60
()
(X
& 40 -
A =2
A~ ! N
N r s | 1 ~
= - Z
e. r i " 1 ~
0.4 | m  from Widom |% - 20 U;
E I — — -probability of | % ] &
C . insertion = 1 K
e | L
oC®L v v v a1
60 6 64 066 68 70
z/ A

Figure 12. (a) Average probability of insertion for the gas
probes into the polymer, pi,, as a function of z in the steady-
state regime (6—10 ns). It has been obtained both from Widom
insertion’s technique”7® (squares with a maximum standard
error of 0.002) and from the equilibrium density of the gas in
the polymer (long dash). [pip[lin the bulk system (short dash)
and the average slab mass density for the polyimide (line) are
also indicated. All curves have been symmetrized about the
membrane COM, and the slab width is 1 A. (b) A close-up of
the equilibrium gas density in the gas reservoir on either side
of the membrane, along with the corresponding Widom’s
insertion probabilities. The long dashes indicate a probability
of insertion of 1, i.e., an ideal gas phase.

Widom’s insertion procedure was carried out in the
membrane model using realistic parameters for He,’*
N3,%2 and Os* as well as the LJ form of the van der
Waals potential (eq 1). The results confirmed the trend
exhibited by the WCA potential, i.e., a slight decrease
of solubility with increasing density. The outer part of
the high-density peak corresponds to the nonsmooth
polyimide surface (Figure 2a) at the contact of which
the gas probes have an intermediate behavior between
the gas phase and the entry into the membrane and
consequently to an expected increase in solubility.

4. Conclusions

The main purpose of this study was to determine
whether a “skin effect” induced by the polymer mem-
brane preparation procedure could lead to significantly
reduced gas permeation. A periodic three-dimensional
representation of the amorphous core, the bulk model,
was compared to a membrane model, i.e., the same
polyimide confined between walls and effectively peri-
odic in two dimensions. Despite producing a membrane
with significantly oriented and flattened chains and
with distinct density oscillations at the interfaces, the
solubility and diffusion (and consequently the perme-
ation) differ very little from the corresponding bulk
amorphous model. In the specific case that initiated this
work,38 such skin effects are thus unlikely to explain
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the discrepancies between experimental and simulated
bulk diffusion coefficients.

It is important to note that these results are valid
within the specific conditions of the present models and
that they could be affected by a number of parameters.
Indeed, we constrained the membrane model by keeping
a density similar to that of the bulk in the middle of
the membrane, so as to compare both models under the
same density conditions. It could also be argued that
the use of the purely repulsive WCA potential or that
of the modified gas probe is significant. Another open
question, which remains to date, is that of the prepara-
tion procedure of fully atomistic glassy models, and in
the future, it would be interesting to compare it to a
coarse-graining approach.103.104 Even so, it is difficult
to see how a significant reduction in diffusion and
solubility could come about. One possibility might be
to better take into account the solvent evaporation
process. However, the influence of an ever-changing
concentration on the conformational properties of the
chains remains rather unknown and also difficult to
incorporate a priori in any simulation given the very
slow relaxation times.

This work shows clearly that aligned and flattened
conformations associated with the use of a solid wall
are not likely to decrease on their own the permeation
parameters. We are currently studying the free-standing
membrane model using the full LJ and Coulombic
potentials, albeit on a much smaller time scale. In this
case, there is no need to artificially constrain the
polymer using walls so the density at the interface and
the interior will adjust naturally to the applied gas
pressure. Nevertheless, we do not anticipate that such
a change will lead to a reduction in the permeability,
and first indications are to the contrary.
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