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ABSTRACT: In glassy polymer membranes, experimental sorption isotherms for light gases are usually
found to be concave to the pressure axis. In the present work, oxygen (O,) transport through a fully atomistic
polyimide membrane has been studied using large-scale molecular dynamics (MD) simulations under five
different conditions of applied external gas pressure. The concave behavior is well reproduced by the model
and the initial gas uptake is linked to two distinct mobility modes. Because of a strong chemical potential
gradient, the penetrants first undergo a rapid adsorption at the polymer surface at the very start of the
simulations, which results in a complete saturation of the interfacial region. The average gas concentration at
the interface then hardly changes with time and a quasi dynamic equilibrium is established with the gas phase.
This is followed by a second slower and diffusion-limited uptake mode, with the diffusion coefficient for the
penetrant in the membrane being independent of the applied external pressure. Results are analyzed and
discussed in order to provide a molecular foundation to the sorption isotherms. Although the uptake vs
pressure curves are well described by the popular dual-mode (DMS) sorption model, there is no evidence of
two different populations of sorbed species at the molecular level. Boltzmann weighted probability densities
of test-particle insertion energies are found to be described by single Gaussian distributions, thus supporting

the site-distribution (SD) model.

1. Introduction

Transport of gases in dense polymer membranes typically rely
on a sorption—diffusion mechanism: gas molecules in an up-
stream compartment enter the polymer matrix, diffuse across it,
and finally desorb on a downstream gas compartment.' Many
polymers are able to provide preferential transport for specific
molecular species while acting as a barrier against others, a
property which is at the basis of gas-separation applications.?
In the case of glassy polymers, sorption isotherms with respect to
small low-solubility penetrants are found to be concave to
the pressure axis. They are most often fitted to the so-called
empirical “dual-mode” (DMS) sorption model,>~> which
combines both Henry’s law and Langmuir mode sorptions, but
other formalisms such as, e.g., the site-distribution (SD) model
have been proposed to describe sorption in these systems.®” The
polyimide family, where the choice of the basic chemical
motifs associated with various membrane processing parameters
can lead to good transport properties with respect to oxygen,
nitrogen, carbon dioxide or methane, is known to exhibit the
concave ug%{kg vs pressure behavior for the low-solubility
penetrants.™

While gas permeation in polyimides has been considerably
studied from an experimental point-of-view,>® there are still in
comparison fairly few molecular dynamics (MD) simulations™ in
the literature, with the model densities being in very close
agreement (<1—2%) with experimental values.' 2® A fully
atomistic and complex representation is required for glassy
polyimides, the computationally expensive electrostatic interac-
tions cannot be ignored and specific techniques, such as hybrid
pivot Monte Carlo—molecular dynamics (PMC—MD) single-
chain sampling, have to be used to create the starting config-
urations.”">*~* Another difficulty is linked to the creation of
actual surfaces in the polymer, if a true membrane model is to be
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preferred to a bulk model. The most common approach is that of
extending one simulation box axis in order to eliminate interac-
tions of the parent chains with their images in that direction,”>*
but this requires significant mobility of the polymer in order to
relax from bulk to surface-like chains. In our experience, the
density of the polyimide quickly decreases in the extended
direction and the model is too rigid to be able to redensify under
the MD time-scale. It is also possible to use multiscale ap-
proaches,>*™* but well-parametrized coarse-grained models
at the right temperatures have to be built and intricate reverse
mapping procedures have to be used. It is thus not surprising that
most of the polyimide+gas MD models available are bulk
simulations (see e.g. refs 22—25, 44, and 45) and thus cannot
possibly assess any “skin-effects”.

We have recently designed a procedure loosely based on
the experimental solvent-casting process for creating fully ato-
mistic 40-mers ODPA—ODA polyimide (Figure 1) membrane
models 244648

Among those, a free-standing ODPA—ODA membrane of
width ~60 A (ie,, ~50000 atoms) associated with gas
reservoirs of 3500 O, molecules on either side was used to model
oxygen transport.* Such dimensions for the polymer remain
relatively small with respect to experimental thicknesses of a
few micrometers,*” but they are already about 10 times larger
than the tyg)ical MD boxes used for fully atomistic bulk glassy
systems.”>>*?> Oxygen adsorption, penetration and diffusion
through the ODPA—ODA membrane was followed over a total
of 13000 ps, which turned out to be computationally very
expensive, mostly because of the electrostatic interactions re-
quired to maintain the cohesion of the membrane.”® In the
aforementioned simulation, the reservoir size had been chosen
in an attempt to have enough O, going into and diffusing through
the membrane within the available MD production run. This
corresponded to a pressure of P ~ 270 bar and was obviously
much larger than the pressure range used experimentally, i.e.,
typically ~2—3 bar for 0,.%
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Figure 1. ODPA—ODA polyimide chain.

While it is clear that a compromise has to be found between the
applied pressure and sufficient statistics to characterize diffusion
in MD simulations, we are not aware of any systematic study of
the effect of external pressure on oxygen transport in such glassy
polymer membrane models. As such, we have repeated the
calculation with different reservoir sizes: 100-molecules (P ~ 4
bar), 250-molecules (P ~ 10 bar), 500-molecules (P ~ 23 bar) and
1750-molecules (P ~ 110 bar) to be compared to the 3500-
molecules (P ~ 270 bar) results.*® In addition to modeling
considerations, we also wanted to assess whether such models
could reproduce a similar behavior to that seen in experiment as a
function of pressure. As will be shown, the sorption curve is
indeed concave with respect to the pressure. This study thus
provides a molecular picture of the early stages of sorption in
glassy polymers.

The characteristics of the polyimide membrane model are
briefly summarized in section 2. The insertion procedure for O,
and the corresponding pressures are described in section 3. The
0, permeation parameters for the polyimide membrane are
characterized and discussed with respect to the gas external
pressure in section 4. All calculations were performed using the
MD code of the gmg package™ in its parallel form on the French
IDRIS, CINES, and CCRT supercomputing centers as well as on
the MUST Linux server at the University of Savoie.

2. The Polyimide Model Membrane

The preparation procedure for the ODPA—ODA polymer has
already been described in detail®***™*® and so only the main
features of the 49800-atom free-standing membrane®® will be
summarized here. Each of the 24 ODPA—ODA chains (Figure 1)
has a length of 40 monomers and 2075 atoms. The force-field for
the polyimide is the same as described before.>'>> Bonds are kept
rigid and the integration time-step is 107'° s. The “bonded”
interactions arising from near-neighbor connections in a chain
include angle-bending, torsional and out-of-plane interactions.
The “nonbonded” excluded-volume Lennard-Jones (LJ) 12—6
and electrostatic potentials are applied to all atom pairs separated
by more than two bonds on the same chain or belonging to
different chains. Standard Lorentz—Berthelot combination
rules® are used for all cross-terms and long-range electrostatic
energies are evaluated using the Ewald summation method.”"

The preparation procedure for the polyimide membrane®*#¢~#
is loosely based on the experimental solvent-casting process,*>*
which involves preparing a solution of the polymer in, e.g.,
m-cresol and casting it onto a glass plate. Solvent is subsequently
removed through an appropriate heat treatment and the film is
peeled off the glass plate. The solvation procedure was mimicked
here by randomly distributing 24 PMC—MD single-chain
sampled®* molecules in a simulation box with the density of an
ideal (90% m-cresol/10% ODPA—ODA) 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 p,y, =
1368 kg m~>,>* while the basis vector in the z direction was
increased. The full potential was progressively introduced and an
impenetrable wall subsequently added on either side of the
“solvated” polymer. The process of densification resulting from
solvent evaporation was modeled by compressing in an affine
manner the wall + polymer system in the z direction until p,,, was
reached at the center-of-mass (COM) of the confined membrane.
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The wall compression has also been used by Kikuchi et al.,’> for
a bulk polyisoprene chain by starting from a box big enough to
contain a single chain under the periodic boundary conditions.
Following high-temperature relaxation and cooling down of the
system, the wall was pushed away in order to avoid any interac-
tions with the polymer while preventing gas probes from escaping
into the vacuum. Once free to move, the polymer chains relaxed
slightly in the z-direction to lead to a membrane width of ~60 A in
a total box of 112 x 113 x 130 A*. The Ewald sum was found to
convergeSI’52 using & = 0.15 A™"and Kpax = 13, and a real-
space truncation of 10 A. The excluded-volume potentials were
also truncated at 10 A. The temperature 7" was maintained at
300 K through loose-coupling to a heat bath®” with a coupling
constant of 0.1 ps.

As noted before,***~* some questions remain open with
respect to the preparation procedure. It would clearly have
been preferable to dissolve the polymer in an explicit sol-
vent and subsequently evaporate the solvent, as has been
reported for coarse-grained bead—spring models.**** Unfortu-
nately, adding explicit solvent molecules is simply too
expensive in terms of computational resources, and in any
case, it is highly unlikely that the rigid polyimide chains would
be able to adapt to the ever-changing concentration within the
MD time scale. Another consequence of the preparation proce-
dure is that the combined effects of the relatively “small size” of
the model with respect to experimental dimensions, the compres-
sion step and the very-low mobility lead to chains being actually
more surface-like than bulk-like. This can be partially compen-
sated by runnin% separate bulk models which represent the
membrane core.*® In addition, it is important to point out that
the features of our membrane® are in excellent agreement with
those of the surface-layer chains reported for much shorter, more
flexible and usually less-realistic polymers, in which the system
sizes and relaxation times often allow for the gradual change from
surface layers to bulk-like structure in the middle of the mem-
brane models.>*37 3047356071 Thig indicates that our prepara-
tion technique gives at least reasonable configurations for the
surface-layer chains of our polyimide.

The slab mass density distribution as a function of the distance
along the z-axis to the 49800-atom polyimide COM, p(z), was
found to display the sigmoidal profile characteristic of free-
standing interfaces. It could be fitted to the following hyperbolic
equation:’>"?

PL2) = Py e LE I m

with p,iaze = 1325kg m> being the density in the middle region
of the film, # = 23.2 A the location of the interface with respect to
the membrane COM and w = 4.6 A the interfacial width. The
fact that the middle region density p,,iuae 1S ~3% lower than the
experimental bulk value of 1368 kg m 3> can be linked to
the chain configurations. Indeed, chains at the vicinity of an
interface are known to align in a parallel fashion with respect to
the surface and to adopt a “pancake”-like nearly two-dimen-
sional structure.”*”7’ In this specific case, the alignment and
flattening persist, albeit quite attenuated, into the core of the
model, a fact which is obviously related to the preparation
procedure as noted above. >4 As can be expected from glassy
membranes, the polymer mean-square displacements (MSD) are
very small, with a slight increase at the vicinity of the interfaces.
This allowed us to define a “dynamical interfacial thickness”
of ~15—20 A from its gas reservoir, which is quite a bit
larger than the “structural interfacial thickness” w obtained from
the mass density (eq 1). Some close-ups of the polymer inter-
faces are shown in Figure 2. It is clear that the definitions of
the thickness for the interface and the “boundaries” of a
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Figure 2. Snapshots at 13000 ps displaying the polymer membrane in a wire-frame and the O, penetrants in space-filling models. The color code is the
following: cyan = polyimide C, red = polyimide O, blue = polyimide N, white = polyimide H, and yellow = penetrant O. These schematic
representations are displayed using the VMD 1.8.2 software.”® The different reservoir pressures shown are (a) P = 4 bar, (b) P = 10 bar, (c) P = 23 bar,

and (d) P = 270 bar.

free-standing membrane are very subjective in the case of such
rough surfaces, since they depend both on the property consid-
ered and on the way it is analyzed. It should also be noted that,
while the chains are indeed aligned and flattened, they are
actually intertwined and there is no sign of layers.

3. The Model Penetrant Gas

The penetrant parameters were taken from the two-center
Fisher—Lago potential for pure oxygen.*® Equal numbers of gas
molecules were inserted into the empty spaces between the
membrane and the impenetrable wall at the start of each simula-
tion. Results from both sides of the membrane were used to
improve the statistics, as the actual numbers of exchanges of gas
molecules between the two reservoirs are negligible within the
simulation time scale.*® In the model, the O, molecules interact
with each other as well as with the polymer. We had noted
previously that removing O,---O, interactions results in an
artifact where the adsorption layer at the interface takes on
unphysical proportions. As such the gas—gas interaction para-
meters in our simulations were not artificially set to zero.

For bulk polymer models and small penetrants that do not
swell a matrix, it is possible to estimate relatively easily the
amount of gas to insert into the polymer for a given external

gas pressure.”**® Unfortunately, this is not the case for a true
membrane model. The amount of gas which will adsorb onto the
membrane is a priori unknown and its entry into the dense matrix
will depend on the rate of diffusion, which is slow for gas in
polyimides in comparison to the MD time scale.® In such
simulations, we are then faced with the problem of having enough
penetrants going into and diffusing through the membrane within
the production run so that the results are statistically significant.
In order to assess the behavior of the oxygen model with respect
to that of an ideal gas, a series of constant-volume and tempera-
ture (NV'T) simulations of pure 1000-molecule O, systems were
carried out at 300 K in the 5—500 kg m ™~ oxygen density range
and the associated pressures P were recorded. It was found that
all P were very close to those estimated from PV = nkgT with kg
being the Boltzmann constant, V" the volume, and n the number
of O, molecules, providing that the oxygen density was under 380
kg m . It was then initially decided to use a value close to the
upper limit of the interval, i.e., ~350 kg m > and P ~ 270 bar.
This meant inserting 3500 O, molecule per reservoir.*s

The evaluation of the actual gas pressure in the reservoirs is
made complicated by the roughness of the polyimide surfaces (see
Figure 2) and by the accumulation of O, at such interfaces. Two
different approaches were used. The first one required the
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probability of insertion of a gas molecule into the system, p;,,
which was obtained from a test-particle insertion (TPI) method.*!
In the TPI method, a probe gas molecule is repeatedly inserted at
random positions in the MD box and the changes in potential
energy associated with the virtual insertion, A®, are used to
obtain the average Boltzmann factor using the following equa-

tion:
AD
S~ pp = <eXp(_kB_T)> (2)

which is known to give a good approx1mat10n of the solubility, S,
for small penetrants such as oxygen.*” The probabilities of
insertion of an O, into the system can be averaged over all
configurations of the production run, thus leading to (p;,), which
can be further resolved as a function of z for a slab of given width
Pin(2)). pip 18 also related to the excess chemical potential of the
gas in the polymer, ., by

Uy = —kBTln<exp(—A—(D>> = —kgT In(p;) (3)
. k};]ﬁ

from which we can obtain {u,,), which can itself then be resolved
as a function of z, (u,.(2)). For the evaluation of the pressure, the
average reservoir gas density was measured in the part of the box
where (p;,(z)) ~ 1 and thus {u.(2)) ~ 0; i.e., the penetrant can be
considered as being in an ideal gas phase.

A second approach used a direct measurement of the P..
com onent of the pressure tensor from the atomic momentum
flux®® across virtual interfaces placed perpendicular to the z
direction in the gas reservoirs. The values of P.. obtained in that
way were very similar to those of the indirect approach and
confirmed the quasi-ideality of the gas in the center of the
Ieservoirs.

The initial model P ~ 270 bar reservoir was about 100 times
larger than the typlcal Pressures used e gerlmentally for O,, i.e.
between ~2—3 bar**** up to ~10 bar. In the latter case,
the pressure is reported as having little influence on the perme-
ability. >#>#8889 However, while P ~ 270 bar can be easily
justified from a simulation point-of-view, it is clear that its
influence on the model results should be checked. As such,
different reservoir sizes were considered: 100 molecules, 250
molecules, 500 molecules, and 1750 molecules. The average
densities in the middle of those reservoirs were about ~5, 14,
31, and 143 kg m ™, respectively. The average pressures P could
thus be estimated at ~4 bar (100 O,), ~10 bar (250 O,), ~23 bar
(500 O,), and ~110 bar (1750 O,). All simulations were carried
out over 13000 ps so as to compare their results with the 3500
molecule reservoir under the same conditions. Configurations
were stored at 10 ps intervals, and thermodynamic and confor-
mational data every 1 ps for postanalysis. A series of short 100 ps
simulations was carried out in parallel with the configurations
being stored at 1 ps intervals in order to better characterize the
initial adsorption phase.

4. Permeation as a Function of Oxygen Pressure

The main purpose of this work is to study oxygen transport
through our fully atomistic ODPA—ODA membrane as a func-
tion of the reservoir pressure. It should be noted that no specific
swelling effect that could be separated from the natural fluctua-
tions of the glassy matrix were observed in any of the systems. As
found experimentally for O,,” there is no plasticization effect in
these simulations.

4.1. Oxygen Trajectories. Trajectories of individual oxy-
gen molecules within the membrane can be described as a
combination of oscillations within available voids in the
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Figure 3. (a) Trajectories along the z direction for two different O,
molecules crossing the membrane in the P = 110 bar system (lines).
Also shown is the average polymer mass density as a function of z (short
dash) evaluated with a slab width of 1 A. (b) A schematic representation
(yellow thick line) of an O, trajectory displayed using VMD 1.8.2. Note
that configurations have been accumulated every 10 ps so that every
segment actually spans that time-interval. The polymer matrix at 13 nsis
displayed in the background with the “transparent” option of the
visualization package (same color code as Figure 2).

polymer and occasional jumps between different voids
upon opening of temporary channels, which agrees with
the typical behavior for small penetrants in glassy dense
matrices.5>°19 Only very few molecules manage to cross the
membrane within the 13 ns MD time scale (less than 0.2% for
the higher P and none for the smaller P), but shorter paths
exhibit the same types of trajectories as longer ones. Figure 3
displays the complexity of such an O, motionin the P = 110
bar system.

The rapid oscillations in the gas phase are damped in the
polymer matrix, but it is clear from Figure 3 that the paths
are far from being identical. Some caution is necessary
concerning the schematic O, trajectory in Figure 3b as MD
configurations have been accumulated every 10 ps and some
individual jump events can occur on a shorter time scale. It
should thus be seen as a global illustration of the path taken
by that specific molecule. Although the general pattern of
oscillations within voids and jumps is always present, in-
dividual analyses show that there are actually about as many
different trajectories as penetrants. The jumps and times-of-
residence depend on the location and the local mobility of the
matrix, some jumps are productive in terms of diffusion
while others are not, and the penetrant can get stuck or even
come back to the region it has just left. However, mobility
tends to be quite smooth and we do not find any evidence of
clustering within the membrane, except for the concentration
at the mterface (see later). As noted in the P = 270 bar
work,* the penetrants can also move in the x- or y-direction
on similar length scales. This suggests that they are subject to
the same topological constraints than in the z-direction and
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Figure 4. Total number of oxygen molecules 7 (7) entering the mem-
brane as a function of the square root of time in the P = 23 bar system.
Because of the uncertainty in the definition of the membrane thickness,
L, several values related to the interface have been considered.

that their motion is primarily linked to very local features in
the matrix. Flattened chain configurations thus do not really
appear to make any difference. As such, and within the
available statistical resolution, no real anisotropy in the core
of the membrane could be detected either in the x-, y-, or
z-directions.

4.2. Gas Uptake Curves. The main difficulty in following
O, uptake curves is a clear definition of the width of the
membrane L. As seen in Figure 2, model glassy polymer
surfaces are quite rough. This is actually also the case in
experimental permeation measurements, where the main
source of error lies in the determination of the membrane
thickness.”® Analyses were thus carried out using several
possible definitions for the thickness:* L = 46 A, which
comes from the hyperbolic fit to the mass density, L. = 40 A,
which was deemed as being the boundary for the slowest gas
diffusion mode, L = 36 A, which corresponds to the start of
the dense part of the membrane, and L = 26 A, which is
situated well inside the membrane at the inner limit of its
dynamical interface. Figure 4 displays the total number of O,
molecules, no,(f), entering the membrane (from both re-
servoirs) for these various definitions of the membrane width
as a function of the square root of time, 12, for the P = 23
bar system.

Trends in the uptake curves for the other systems under
study are similar to those in Figure 4, although no,(#) changes
with pressure and statistics are obviously less good for the
lower pressure systems. The initial jump seen for L = 46, 40,
and 36 A is characteristic of a very fast gas adsorption phase,
which occurs before 250 ps and for most of it before 50 ps.
This is an irreversible process, but close examinations of the
trajectories show that there are continuous exchanges be-
tween nonadsorbed gas molecules in the reservoir and those
adsorbed at the polymer surface. Defining L as being 46 or
40 A corresponds to the low-density parts of the polymer, where
the penetrants infiltrate easily. However, it is interesting to
note that an attenuated jump is still present in the L = 36 A
curve of Figure 4. It only really disappears for L = 26 A,
which has been defined, from the polymer mean-square
displacements, as being the “dynamical interfacial thick-
ness” of our ODPA—ODA membrane,* that is the region
where the MSDs of polymer atoms come back to their inner
core value. The fact that dynamical properties are affected in
the vicinity of an interface on a larger range than structural
properties is well-known,”® and is attributed to the trdnsmis-
sion of mobility due to the molecular connectiv1ty ' The
difference between L = 36 A and L = 26 A shows that the
penetrant is able to get rapidly up to the dynamical interface.
In all cases, after the initial adsorption phase, a slower rate of
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Figure 5. Gas concentration C(7) in the membrane at z = 13000 ps as a
function of reservoir pressure P and membrane thickness L. Data issued
directly from the simulations are displayed with symbols. The lines are
fits of the data to the dual-mode sorption isotherm model (eq 5).

uptake and a more linear dependence with respect to r'/* then
takes over with a similar slope regardless of the definition of
L. Tt is often assumed that a linear relationship between the
weight gdll’l of the polymer and ¢/ is the signature of Fickian
diffusion.”>*® However, the ng (¢) curves are also found to be
quasi-linear with respect to t* (0 < a =< 1), and thus we
cannot unambiguously characterize the diffusion regime in
that way. The representation of the uptake curves vs '/* is
preferred here as the initial adsorption phase is well discri-
minated from the rest of the diffusive behavior.

The concentrations of O, molecules in the membrane were
also analyzed as a function of the reservoir pressure. The
penetrant concentration at time ¢, C(z), is the total number of
molecules in the membrane n (7) divided by the volume of
the polymer V,,;at time . The volume V4 occupied by the gas
at temperature 7 and pressure P under the ideal gas approx-
imation is
no, (l)kg T

P

The same can be written for the specific standard tem-
perature and pressure (STP: 273.15 K; 1.013 x 10° Pa)
conditions:

Ve = (4a)

STP _ no, (ks TS™

PSTP (4b)

which leads to the followmg expression between C(7) ex-
pressed in cm*(STP)/(cm? polymer) and no,(1):

VgTP _ no, (l)kB TSTP
Vpa/ pSTP Vpa/

C(r) = (4c)

The C(¢) results are displayed in Figure 5 for ¢ = 13000 ps
taking into account the various possible definitions of the
membrane thickness.

The C(¢) are concave to the pressure axis, which is in
agreement with the experimental behavior for such glassy
polymers. Similar curves are obtained if ¢ is less than 13000
ps, albeit with lower C(7). In the vast experimental literature
on the subject (for a review, see e.g. ref 2), such data are most
often described by the “dual mode” (DMS) sorption model
shown in eq 5°

bP

C(l) = CD‘i‘CH - kDP‘i‘C,Hm

(5)
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Table 1. Dual-Mode Sorption Model Parameters kp, C' g, and b
Obtained by Fitting the C(f) Data at ¢ = 13000 ps in Figure 5 to the

Form of Eq 5
L(A)  kp(em*STP)cm™ bar!) 'y (em*STP)em™) b (bar™)
46 0.12 38 0.04
40 0.10 32 0.04
36 0.10 28 0.04
26 0.10 23 0.04

“ L is the width considered for the membrane.

where the subscript D refers to Henry’s law mode sorption
and the subscript H to Langmuir mode sorption. In the DMS
model, kp is Henry’s law solubility coefficient and is inter-
preted as characterizing sorption into the densified equilib-
rium matrix of the glassy polymer. Langmuir sorption is
thought to be related to the nonequilibrium excess volume
associated with the glassy state and is described by two
parameters, the Langmuir sorption capacity ' and the
Langmuir affinity parameter ». Although the DMS model is
able to correlate with various factors such as the glass
transition temperature (7,), fractional free volume or gas
transport parameters, it should be noted that statistical
correlation analyses of experimentally reported parameters
result in significant scatter.” Furthermore, careful analyses
of experimental data obtained over increasing pressure
ranges also show clearly that the adjustable parameters
(kp, C' and b) are not constant but vary systematically with
the pressure range used.* In spite of the fact that the func-
tional form of the DMS model gives reasonably good fits to
experimental data, the parameters obtained in a specific
range thus cannot really be considered as reliable predictors
of what happens beyond the range of pressure fitted. These
observations clearly undermine the physical basis of the
DMS model but its simplicity has led to it remaining popular.

As seen in Figure 5 (lines), our simulated C(7) do fit very
well to the form of eq 5. The actual DMS coefficients are
given in Table 1.

These parameters can not be compared directly to experi-
mental data as our simulations are not in equilibrium and we
are not aware of any experimentally derived DMS para-
meters for O, in ODPA—ODA. The only DMS parameter
that depends on the definition of the membrane width L is
the Langmuir sorption capacity C'z. It is also the dominat-
ing term and suggests that the gas uptake here is very much of
Langmuir origin, that is the penetrant sorbs into predefined
adsorption sites.”” This effect agrees with ' being inter-
preted as a measure of voids accessible to the penetrant.
Experimentally, kp and b are found to be often correlated
with penetrant condensability,98 which would agree with
their values remaining constant in Table 1.

On the other hand, the assumption behind the DMS model
that there would be two “populations” of sorbed species in
local equilibrium with one another, i.e., those in long-lived
nonequilibrium free-volume elements and those dissolved in
more densely packed regions within the polymers,” is diffi-
cult to assess here. As seen in section 4.1, the individual
trajectories of the penetrants are all different but they
systematically exhibit some combination of long-lived oscil-
lations-in-voids and jumps. This suggests that if there were
two populations, each individual O, molecule would con-
tribute at time ¢ either to one or to the other depending on
its position at that specific time. As such, the separate
diffusion coefficients assigned to the two types of sorption
sites, Henry’s law Dp and Langmuir Dy in the partial
immobilization model” are not really supported by mole-
cular evidence. It should also be noted that, in spite of the
popularity of the DMS formalism, several other models have
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Figure 6. (a) Leftaxis: symmetrized (u,.(z)) for O,in the ODPA—ODA
membrane as a function of z accumulated over the full 13 ns production
runs. Insertion energies were calculated by taking into account either the
polymer matrix on its own in the P = 4 bar system (black diamonds) or
the polymer matrix and all other O, penetrants for each gas reservoir
pressure (other symbols). Right axis: polyimide average mass densities
(p(z))in the P = 4 bar system as a function of z. (b) Time dependence of
(uo(2)) and polyimide average mass density {o(z)) in the P = 110 bar
system. Analyses have been carried out from the start of the simulation
over different time-intervals starting from 0.1 ns up to the full 13 ns
production run.

been proposed to describe sorption in %lassy polymers.?
Some of them involve lattice theories,'**~1°2 which are also
difficult to compare directly to a fully atomistic description.
Another one is the site-distribution model introduced by
Kirchheim,®’ which describes sorption in terms of a Gauss-
ian distribution of site energies. This energy distribution is
itself correlated to a volume distribution of the intermole-
cular space yielding different elastic distortion energies when
occupied by solute molecules. We will give some supporting
evidence for this model in the next section.

4.3. Excess Chemical Potential. The average excess chemi-
cal potential (u.,) of an O, probe into the ODPA—ODA
membrane was resolved in the different systems as a func-
tion of z for slabs of width 3 A (see eqs 2 and 3). Results
for (u..(z)) are presented in Figure 6 for 40 million trials
per system and a cutoff for van der Waals interactions
equal to half the smallest box length (~56 A). They were
calculated taking into account either the polymer matrix
on its own (black diamonds) or the polymer matrix and all
other O, penetrants in each system under study (other
symbols).
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The (u..(z)) obtained for the free-standing membrane
alone while ignoring its penetrants are very similar for all
systems under study and the curves obtained from the P = 4
and P = 110 bar systems are displayed in Figure 6, parts a
and b, respectively (black diamonds). This is consistent with
the lack of matrix swelling and fairly little adjustment of the
polymer structure to the penetrant. As found before, the
solubility for O, is favored in the polymer membrane with
respect to thatin an 1sotrop1c bulk (e, = —2.3 kI mol 'in
a pure ODPA—ODA box).>* This has been attributed both
to the slightly lower density and to the specific conﬁguratlons
associated with surface chains.* Insertions in the denser
parts of the membrane model (|z| < 15 A) are most favorable
as O, maximizes the number of attractive interactions with
the polymer matrix. Those in the interfacial region only
interact with the polymer on one side and the excess chemical
potential tends, as expected, to zero as one gets further away
from the membrane. This contributes to a gradient in the
total chemical potential, which is the underlymg driving
force for diffusion (see section 4.4)."%37'% It is consistent
with the very rapid adsorption of the gas onto the surface
which systematically occurs at the start of the simulations for
all reservoir sizes considered, up to the part where the
solubility tends to level off.

The (u..(z)) can also be calculated with the other gas
penetrants being taken into account in addition to the
polymer matrix. Figure 6a displays the effect of reservoir
pressure P and Figure 6b illustrates the time dependence of
such analyses for P = 110 bar. The presence of penetrants in
the membrane strongly affects the excess chemical potential,
and hence the total chemical potential gradient. In all cases,
(Uex(2)) displays a peak around ~20 A from the COM, which
becomes very pronounced when the pressure increases.
Figure 6b shows that this peak is present at very short times
and that its magnitude changes little afterward. It is clearly
related to the aforementioned initial adsorption phase which
leads to the voids in this region being quickly occupied. This
pressure-dependent interface saturation phase lowers signif-
icantly the solubility of the penetrant in the interfacial region
of the membrane and a quasi-equilibrium is quickly estab-
lished with the gas phase. This is followed by a slower
diffusion-limited mode as probes enter the inner parts of
the matrix. As seen before for the P = 270 bar system*®
and as displayed in Figure 6b, the boundaries are at about &
20 A. This explains the progressive increase in {u..(z)) for
|z| < 20 A as the gradually increasing number of penetrants
in the membrane lowers the solubility.

The {(u..(z)) were also calculated while excluding the
interactions with the polymer from the analyses but retaining
those with the gas. These gas—gas {u..(z)) are not very
favorable at the interface where the gas is concentrated and
this is, as expected, pressure-dependent. However, they are
almost equal to 0 within the dense part of the membrane,
where there are relatively few gas molecules with respect to
the sizes of the reservoirs. It further justifies the introduction
of the gas on both sides of the model in order to improve
statistics.

As for {u,.), the changes in the potential energy associated
with the virtual insertion of the O, probe in the test-particle
insertion TPI method, A® (see eq 2), can be resolved
spatially as a function of z. Normalized probability density
distributions for A®/k;T, p(AD/kzT), were calculated for
successive slabs of width 3 A and were subsequently symme-
trized over both sides of the membrane. The corresponding
Boltzmann-factor weighted probability density distributions
were obtained from the product of p(A®/kpT) with exp-
(—A®/kgT) and are shown in Figure 7a for several slabs
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Figure 7. Symmetrized probability distributions associated with the
changes in potential energy A® upon repeated insertions of an O,
probe. The p(A®D/kgT) are resolved spatially in z for slabs of width 3 A
and for bins of size 0.1 in A®/kT. (a) Boltzmann-weighted p(A®/k zT)
for slabs situated close to the structural interface for the pure polymer,
(b) raw p(AD/kgT) for the 21—24 A slab as a function of reservoir
pressure, and (c) raw p(A®/kgT) for slabs situated in the dense part of
the pure membrane compared to that in an isotropic bulk.

close to the structural interface of the pure membrane. The
slab defined as |z| = 30—33 A corresponds to that part of the
reservoir next to the membrane, while |z = 27-30 A, |z| =
24-27 A, |z| = 21-24 A, and |z| 18—21 A can be
associated with increasing densities at the polymer interface.
As expected, there is a narrow peak close to zero for A® in
the gas phase. The Boltzmann-factor weighted probability
density distributions then get wider and more displaced
toward the left as z decreases. It is clearly due to the
progressive increase in matrix density, which leads to more
attractive interactions between the penetrant and the poly-
mer, and consequently to more negative insertion energies
and more favorable sites for probe insertions. As seen in
Figure 7a, a drawback of the Boltzmann-weighted represen-
tation is that the exponential term, exp(—A®/kT), becomes
very large as A® gets more negative, and leads to small
“peaks” which are basically artifacts of insufficient averaging.
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As such, we rather chose to display the raw p(A®/kT) data
to illustrate the dependence of the probability density dis-
tribution on the reservoir pressure in Figure 7b, that is taking
into account the other penetrants in the TPI analysis. The
example shown is for the |z| = 21—24 A slab which includes
the location of the interface obtained from the hyperbolic
definition (& = 23.2 A from eq 1). The presence of other O,
molecules decreases p(A®/kzT) since some of the free vo-
lume is already occupied. However, although accessible sites
are harder to find, they are energetically slightly more
favorable as the penetrant can now interact with both the
matrix and the other penetrants. This explains the small shift
of the peak toward the left as P increases. Figure 7c displays
some p(AD/kgT) for slabs situated in the dense part of the
pure membrane. They can basically be superimposed, and
their dependence on P (not shown) weakens because of the
limited number of penetrants being able to penetrate as far.
As noted before, the middle part of our model is more
characteristic of surface chains than of true bulk chains: a
slightly lower density (3%) and configurations which are
aligned and flattened, even if the latter features are well
attenuated. In order to assess their influence on the insertion
energy density distributions, the same analysis was carried
out on a 56025-atom isotropic bulk ODPA—ODA model.?
The resulting p(A®/kzT) curve is also presented in Figure 7c.
Within the statistical uncertainties, the bulk distribution is
almost indistinguishable from the low-|z| slabs in our dense
membrane model. This supports the hypothesis that pene-
trant behavior is mostly dependent on very local features in
the matrix, rather than on larger-scale characteristics.

Although the probability density distributions displayed
in Figure 7c are skewed to the right, this region corresponds
to positive A®, which actually have very small Boltzmann
weights. If one considers the corresponding Boltzmann-
weighted energy probability distributions, we find that they
can actually all be fitted by a Gaussian, which is in agreement
with the site-distribution SD model of Kirchheim.®” We
have to be cautious though as different approaches are being
considered. The TPI method samples the insertion energy
upon adding one extra particle to the system under study
whereas the SD model was developed within the framework
of continuum theories and experimental pressure-concentra-
tion isotherms (penetrant molecules already present in the
polymer) are used to evaluate the parameters of the Gaussian
energy distributions. However, these different approaches
are likely to be related to the same phenomena, that is
sorption in glassy polymers can indeed be related to single
Gaussian distributions of site energies rather than to the two-
energy-level of the dual-mode sorption model.®

4.4. Total Chemical Potential. An estimate of the total
chel:ggical potential resolved as a function of z, u(z), is given
by

. vy —AU
u(z) =t (2) + Yo (2) = kpT In (W) _kBT1n<eXp( kgT >>

= —ksT [ In (%) + In(py(2))

1Y gas z
(6)

where u;,(2) is the ideal gas contribution, u,.(z) the excess
chemical potential contribution (section 4.3), ¢ the partition
function for internal degrees of freedom, n the number of
penetrants, m the mass of a penetrant, p,,,(z) the penetrant
density as a function of z and A is the de Broglie wavelength
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Jr 1/2

with % being Planck’s constant. Equation 6 can be rewritten
as

u(z)~—kgT ln(%) + ln<

defined as

1
ﬁ> +In(py(2))

gas

pgas (Z)

— —kyT | 2+1n (”"P(z)> (8)

where A4 is just a constant. This implies that the gradient of the
chemical potential in z is

1 ap; 1
= _kBT pp(Z)+
pip(z) 0z

In permeation, the overall driving force producing a net
flux of a permeant is thou%ht to be related to the gradient in
its chemical potential.'® 1% There should thus be a connec-
tion between the flux J(z) as a function of z and the gradient
of the chemical potential of the following form:*

8pgm-(2)> o)

o gas (Z ) 0z

J(z) =

u(z)
~Upgu() 2 (10)
with U being a coefficient of proportionality. Figure 8a
presents the function

pip(2) \ _u(2)
—In <—pg:§ (Z)) = kB—T—F/‘L

, which from eq 8 is the z-dependent part of the total chemical
potential, in the case of the P = 110 bar system at 12000 ps.
Itis directly obtained from the logarithm of the ratio between
the insertion probability and the corresponding gas density
at z. The gradient leading to the net flux of gas into the
membrane is clear to see, as too is the quasi-equilibrium (u(z) ~
constant) in the interfacial and gas reservoir region.

In our molecular model, the flux J(z) at time ¢ is simply
related to the number of O, molecules entering the mem-
brane at ¢ through an interface of cross-section 4, whose
positionis setat z. [tis similar to the uptake curve of Figure 4,
except that the slope of the np (7) vs ¢, that is the net flux
through the interface, has to be smoothed over a very small
interval around ¢. The derivative of

_ Pip(2)
" <pgm<z>)

is the gradient in chemical potential, which can be multiplied
by the gas density to give the right-hand term of eq 10.

au(z)
a9z

pgas(z)
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Figure 8. (a) The z-dependent part of the total chemical potential u(z)
at ¢ = 12000 ps for the P = 110 bar system. The bin width is 3 A.
(b) Comparison between the product of the gas density times the gradient
in chemical potential (black squares, arbitrary units) and the negative
flux across a cross section of the MD box (circles) under the same condi-
tions than part a.

and —J(z) are compared in Figure 8b under the same
conditions than Figure 8a (P = 110 bar at 12000 ps).

Theraw no (1) vst, p;y(z) and pg(z) data are all fairly noisy
when taken over small time-intervals, but it is clear from
Figure 8b that the correlation given in eq 10 holds well. In
our model, the driving force for the movement of the
penetrants is indeed directly linked to the gradient in total
chemical potential.

4.5. Pressure-Dependence of the Initial Adsorption Phase.
The adsorption phase was characterized by the time evolu-
tion of the z-dependent average symmetrized oxygen mass
density, (p(z)), in the first stages of the simulations for all
systems under study. Figure 9 compares the gas {p(z)) at 0, 1,
2, 5, 20, and 50 ps for the P = 110 bar and P = 10 bar
systems.

Parts a and b of Figure 9 confirm that the penetrants reach
the vicinity and even enter the dense part of the membrane
within a very few picoseconds, while the evolution of the
density profiles is much slower after that. The gas density
curves are much smoother for P = 110 bar than for P = 10
bar for obvious statistical reasons. However, all five systems
under study display exactly the same behavior. The nature of
adsorption is characterized in Figure 10 where the penetrant
concentrations at very short times (1 = 5psand ¢t = 50 ps) for
L = 46 A are displayed as a function of the reservoir
pressure.

The data at very short times fit very well to a purely
Langmuir form, i.e., the second part of eq 5. The hetero-
geneous membrane surface can thus be considered as con-
taining a fairly constant number of adsorption sites for the
penetrant. The rate of advancement in the z-direction region
is of the order of ~1—2 A ps~'. This is much faster than
expected from the diffusion coefficient within the dense
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Figure 10. Average gas concentrations, C(7), in the membrane with a
definition for the thickness of L = 46 A at very short simulation times as
a function of reservoir pressure P. Data from the simulations are
displayed as symbols. The lines are fits of the data to the Langmuir
sorption isotherm model (second part of eq 5).

matrix (Dpenerrans ~0.01 A? p571 for the highest pressure)48
and is reminiscent of the gas phase behavior. From the gas
MSD in the middle of the reservoirs, it is possible to estimate
the gas phase diffusion coefficient D, as being ~120 A’ps!
for P = 4 bar, ~1 19A2ps_1 for P = IObar,NIOOAzgs_ for
P = 23 bar, ~60 A> ps~! for P = 110 bar and ~25 A% ps~!
for P = 270 bar. While penetrants are slowed down at the
polymer interface, mobility is still closer to that of the pure
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Figure 11. Mass density distributions of oxygens as a function of 2/ = z
(L/2) in a membrane of width L = 40 A averaged over specific time-
intervals ¢. The actual profiles, displayed with symbols, come from
different systems which are indicated in parentheses. The slab width is
1 A. The lines are fits to the erfc form of eq 11.

gas phase. Even if the surface coverage remains fairly con-
stant following the initial adsorption, the continuous ex-
changes of O, molecules between the interfaces and the gas
reservoirs are also in agreement with the Langmuir model,
based on gas molecules which constantly condense and
evaporate at the surface.”’

4.6. The Limiting Diffusion Phase. Once the adsorption
phase is completed, the reservoirs settle into a profile which
remains fairly stable over the MD simulations time scale.*® A
slower uptake mode then takes over with some O, penetrat-
ing into the denser part of the membrane. This is best
illustrated by the uptake curve for L = 26 A in Figure 4,
which restricts the definition of the membrane to its middle
part and does not take into account any molecules adsorbed
at the vicinity of the interface. As before,**¢~*® this slower
diffusion mode can be characterized by fitting the time-
dependent gas density distributions in the membrane of
width L to the following solution of the one-dimensional
diffusion equation in a semi-infinite system:”>*°

CZ, 1) =C erfc(

/
-z (11)
AV 4D penetrant t

with C being the concentration of the penetrant within the
medium, Cy its concentration at the interface, D,enerrans its
diffusion coefficient in the medium, 7 the time-interval
considered and Z’ the coordinate in a reference system where
Z/ = 01is the left edge of the medium which extends to z/ = oo,
In our models, Z’ is easily defined as being z 4+ L/2 for the left
side, but the infinite condition on the right side implies that
the penetrants should not exit on the other side of the
membrane. As noted in section 4.1, some O, molecules are
able to cross the membrane in our simulations, but their
relative number remains so limited ( <0.2% for P = 270 bar,
< 0.1% for P = 110 barand 0 for P = 23, 10, 4 bar) that they
can be safely neglected here. It should also be noted that
the boundary conditions associated with eq 11 are C(z’ = 0,
t=0)=0and C(zZ = 0,1 > 0) = C,.

For all systems under study, oxygen concentrations vs
time curves were obtained by artificially labeling gas probes
as being on the “left”, z(#y) < —L/2, or on the “right”, z(zy) >
L/2 at any particular time origin ¢, and then following the
z evolution of the distributions of these 7y-labeled atoms. All
possible time origins were used and the distributions for
“left” and “right” molecules were symmetrized. Such curves
obtained for several time-intervals 7 using L = 40 A in
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diamonds, while the line is the corresponding fit to the Langmuir
sorption model (second part of eq 5).

different systems are displayed with symbols in Figure 11.
The lines are the corresponding fits to eq 11 with Cy and
D peneirans beINg treated as free parameters. They show clearly
that model gas density profiles are very well described with
this erfc form. Even if the overall statistics get worse when P
decreases and/or ¢ increases, eq 11 fits our simulation data
for all pressures under study and for all time-intervals
considered.

In the boundary conditions associated with eq 11, the
concentration at the interface C, is supposed to remain
constant. In practice,*® this condition is strongly dependent
on the choice of L and the fits can lead to varying Cy as a
function of 7, i.e., Cy(#). If L is set well into the dense part of
the membrane (e.g., L = 26 A), Cy(t) tends to increase with ¢,
which is consistent with a nonequilibrium uptake at the so-
called interface. On the other hand, if L is defined in the very
low densities regions (e.g., L = 46 A), Cy(f) decreases with ¢,
which means that the reservoir is being drained. Carrying on
such analyses for various values of L showed that the “true
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width” of our ODPA—ODA membrane with respect to this
slower diffusion mode was obtained for L = 40 A.** This is
confirmed by Figure 12a, which shows that Cy(7) as a
function of ¢ is constant for all five systems under study
using that definition of L. The initial fast increase at very
short times (1 < 50 ps) is always present, regardless of L, and
is certainly related to the continuous exchanges between
molecules in the gas phase and molecules adsorbed at the
interface. However Cy(7) levels off rapidly afterward to a
constant C, value. The corresponding Dpepesran(t) para-
meters obtained from the same fits are given in Figure 12b.

The Cyparameter, that is the concentration at the interface
of the slow diffusion mode is displayed as a function of
pressure P in Figure 12¢ and is also clearly well descrlbed by
the Langmuir model. These values, shown in cm*(STP)/(cm’
polymer), are effectively an estimate of what the equilibrium
concentration across our ODPA—ODA model membrane
would have been if the simulation times had been long
enough to attain equilibrium. This is presently too costly to
attain for fully atomistic glassy polymer models of this size.
On the other hand, the diffusion coefficient D,enerrand?),
which varies with ¢ for short time-intervals, tends toward
the same value at longer ¢ (Figure 12b). The short-time
behavior is similar to that found in bulk MD simulations
of glassy polymers where penetrants first display an anom-
alous regime with time-dependent diffusion coefficients be-
fore settling to a limiting value in the Einstein regime.?%?
Since it occurs on such fast time scales, experimental permea-
tion data only report the limiting value, but the presence of
an anomalous regime has been proven experimentally with
diffusion experlments of high concentration aqueous CuSOy,
into deionized water.'%” Taking into account the logarithmic
scale of the x-axis in Figure 12b, the differences between the
various P remain small and all curves eventually do tend
toward the hmltmg value of Dl,em orane ~ 0.01 A? ps '=10x
1077 cm? s, This is about 4 times higher than that in the
bulk, which has been attributed to the slightly lower-density
associated with the specific configurations of the chains in
the core of the membrane model.>**”*® However, in terms of
reservoir size, the diffusion coefficient of the slower mode is
clearly independent of the applied pressures P in our five
models. This agrees as well with experiment, where the
diffusion coefficient for light gases such as O, has been
shown to be independent of gas concentration.'%

5. Conclusion

Five large-scale MD simulations of oxygen transport in
a ~50000-atom fully atomistic glassy ODPA—ODA polyimide
membrane model were carried out with varying sizes for the gas
reservoirs. The pressures considered in these types of simulations
(up to several hundred bar) usually have to be much higher than
those used experimentally (~2—3 bar for O,), so as to have
enough penetrants going into the membrane within the limited
time scale available to MD simulations. The goal of this work was
thus to assess whether such MD models can reproduce the
experimental behavior in spite of the significantly larger pressure
range, and accurately describe the transport phenomena at the
polymer surfaces. The reservoir pressures were evaluated in the
regions of the reservoirs where the probability of insertion of O,
was close to 1. These pressures were consistent regardless of
whether they were obtained indirectly from the gas density and
the equation of state of the model pure O,, or from measuring
directly the P.. pressure tensor component from the atomic
momentum flux across virtual interfaces placed perpendicular
to z. The five average pressures considered here were P ~ 4, 10,
23,110, and 270 bar.
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Because of a strong chemical potential gradient, the penetrants
undergo a Langmuir-type sorption at the surface of the polymer
in the very first stages of the simulations (¢ < 50 ps). The
penetrant sorbs into nonequilibrium microvoids and this satura-
tion of the interface lowers significantly the solubility of the
penetrant in the interfacial region of the membrane, while a quasi-
equilibrium is quickly established with the gas phase. Once the
initial adsorption phase is completed, a second slower and limit-
ing diffusion mode then takes over. It can be described by fitting
an erfc solution of the one-dimensional diffusion equation in a
semi-infinite system to the density of those gas molecules having
entered the membrane over specific time-intervals. The para-
meters obtained from the fits are the concentration at the inter-
face, which also follows the Langmuir model as a function of
pressure, and the diffusion coefficient of the penetrant in the
membrane, which is found to be independent of pressure.

Compared to experiment, all significant features are being
reproduced in our model. Concave gas uptake vs pressure curves
are obtained, the total gradient in chemical potential is found to
be the driving force for permeation and no plasticizing effects are
seen, even at the highest O, pressures. The uptake vs pressure
curves can be described by the popular DMS model, but we do
not find any evidence of two different populations at the
molecular level. The Boltzmann weighted insertion energy prob-
ability density distributions, which are found to be Gaussian,
support rather the site-distribution SD model. These simulations
thus add a molecular picture to oxygen sorption in glassy polymer
membranes. We intend to apply this approach to different
chemical structures for the matrix and to different probes, i.c.,
either to penetrants similar to O,, which do not modify the matrix
much,>'% 712 or some more soluble gdses such as CO,, which are
able to lead to plasticizing effects.!
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