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ABSTRACT: Air separation is challenging due to the similarities in the sizes and energetics of oxygen
and nitrogen. Although polymer membrane-based technology has achieved some success in replacing
conventional air separation methods, the effectiveness of polymers has been shown to fall short of the
economically attractive region occupied by inorganic microporous materials. Koros and co-workers have
recently proposed that this lack of performance is a manifestation of the low entropic selectivity in
polymers, possibly due to chain mobility or free volume effects. In this work, we address the effects of
chain mobility on selectivity using molecular models and transition-state theory. We employ the
methodology recently developed by Greenfield and Theodorou (Macromolecules 1998, 31, 7068) in which
the polymer degrees of freedom can be explicitly included in the hopping rate calculations. About 100
oxygen and nitrogen jump events are studied in three different glassy polypropylene configurations. To
examine the effects of polymer rigidity, two separate cases are considered for each jump; in the first
case, the polymer model is held completely rigid during the event, while in the second the polymer torsional
degrees of freedom are allowed to participate. The results show that the effects of polymer flexibility are
reflected most significantly in the energy barriers, with the entropy barriers only marginally affected.
Whereas the energetic selectivity can be reduced by 4 orders of magnitude in going from the rigid model
to the flexible one, the entropic selectivity generally shows little change. The results are discussed in the

context of current experimental and theoretical understanding of these systems.

I. Introduction

Permeation of small molecules in polymers occurs via
the “solution—diffusion” mechanism.! As the name
suggests, in this mode, permeation occurs in two distinct
steps: solvation of the penetrant in the polymer matrix
and subsequent diffusion of the same through the
polymer. Hence the permeability P can be written
concisely as P = DS, where D is the diffusivity and S is
the solubility of the penetrant. In a binary mixture of
gases A and B, the selectivity of A with respect to B is
given by

Pan_ DA Sa
Qa/p _P_B = D_B S_B 1)

Both permeability and selectivity are important in
evaluating the performance of a material. Whereas the
former is equivalent to the throughput of a separation
process, the latter measures the effectiveness of separa-
tion. Equation 1 clearly shows that selectivity is affected
by two separate quantities: diffusivity and solubility.
Although these quantities in general are functions of
gas composition across the membrane, at low gas
loadings such dependencies may be neglected, and oas
is referred to as the ideal selectivity.

When dealing with mixtures of nonpolar gases of
similar sizes, separation based on solubility is not very
attractive. In such cases, one instead exploits differences
in the diffusivities of the components. To understand
the process of penetrant diffusion through glassy poly-
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mers, the microstructure in these materials can be
pictured as a network of free volume packets. These
packets, where the penetrant molecules spend most of
their time, are connected by narrow constrictions or
“necks.” Diffusion occurs as thermal motion of the
polymer and/or thermal activation of the penetrant
allows crossings through these necks. Hence, the diffu-
sivity of a penetrant depends on the physicochemical
properties of the polymer matrix, such as the fractional
free volume (determined by the interchain packing) and
the stiffness of the polymer backbone (related to the
glass transition temperature, Tg). An ideal membrane
material would be composed of high free volume that
facilitates diffusion and tight constrictions that provide
effective sieving. Glassy polymers, which possess these
favorable characteristics, have been successfully used
as membranes in effecting several industrially impor-
tant separations. Rubbery polymers, on the other hand,
give high permeation rates but are poor sieves due to
the absence of rigid necks.23

Much success has been gained by chemically modify-
ing polymers to create better materials for gas separa-
tion.23 However, the performance of diffusion-selective
polymers has been observed to be limited by an inverse
relationship between permeability and selectivity. Con-
ceptually, this occurs because the magnitudes of the
diffusion barriers are generally increased when enhanc-
ing the selectivity. Robeson* carried out an extensive
survey of the performance of polymeric membranes in
separating several pairs of gases, clearly demonstrating
this permeability-selectivity tradeoff. Singh and Koros®
further analyzed Robeson’s data to point out that the
performance of the available polymeric membranes falls
short of the economically attractive region currently
occupied by zeolites and molecular sieves.
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Singh and Koros® reasoned that this difference in
performance between polymers and inorganic molecular
sieves is caused by the superior entropic selectivity
offered by the latter materials. Using transition-state
theory (TST), the ratio of diffusivities of species A and
B in a gas mixture can be written as

Dn_ [ASag AU, ,
D—B—exp Ky exp(— kT )

where kg is the Boltzmann constant, T is the temper-
ature, and ASag and AUag are, respectively, the
differences in entropy and energy barriers encountered
by species A and B

ASpg=AS, — ASg (3a)
AU,z =AU, — AUy (3b)

Loosely speaking, the activation entropy for a jump
event is a measure of the difference in confinement of
the molecule between the transition state and the
minimum. The first exponential term on the right-hand
side of eq 2 is the entropic selectivity, while the second
exponential term is the energetic selectivity. By cor-
relating experimentally measured O,/N; separation data
using eq 2, Singh and Koros concluded that whereas 4A
zeolite and carbon molecular sieves offer significant
entropic as well as energetic selectivities, even the best
current polymers (e.g., polypyrrolone) offer entropic
selectivities close to unity.

Singh and Koros® hypothesized that this loss in
entropic selectivity is consistent with the picture of a
penetrant being relatively “unconfined” by a sieving
neck in a polymer, due to the relatively large thermal
motion of the polymer chains. That is, the local structure
of the polymer will relax during a penetrant hopping
event, allowing the penetrant significant rotational
freedom in the transition state. Zimmerman and Koros®
subsequently presented several other possible molecu-
lar-level scenarios, based on free volume arguments,
that would lead to a lack of entropic selectivity. They
pointed out that situations where the penetrants are
tightly confined in the minima might be expected in
polymers and that this would tend to decrease the
entropic barriers for the individual penetrants as well
as the entropic selectivity.

The reason for the relatively small entropic selectivi-
ties of polymers is still a matter of speculation, espe-
cially with regard to the relative contributions of free
volume and inherent molecular-level flexibility. The
main aim of this paper is to begin using molecular-level
modeling to address these issues, by studying the effects
of matrix flexibility on the entropic and energetic
selectivities in model glassy polymers. Such analysis will
yield valuable information regarding the significant
factors that contribute to the performance of polymer
membranes. This in turn could provide new directions
in research aimed at design of better polymers with
superior separation capabilities.

Molecular modeling, and molecular dynamics simula-
tion in particular, have developed into useful tools for
probing penetrant diffusion in polymers.” Because of the
time scale limitations of molecular dynamics, several
groups have recently developed alternative theoretical
approaches based on combinations of TST and molecular
models;®~12 these approaches have allowed time scales
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on the order of mircoseconds, and even milliseconds, to
be accessed. Gusev and co-workers used TST to study
gas diffusion in polymer models which were perfectly
rigid® and which included mean-field thermal motion;?®
inclusion of the thermal motion of the polymer atoms
was seen to have a significant impact on the calculated
diffusion coefficients. Greenfield and Theodorou!'1?
devised a novel way to directly include the polymer
degrees of freedom (dof’s) that contribute to the diffusive
jump of a penetrant in the TST formalism. Using this
methodology, a number of hopping events of a spherical
methane molecule in glassy atactic polypropylene (aPP)
were studied, and rates of hopping were calculated by
making a harmonic approximation in all relevant
degrees of freedom. In this work, we used their method
to study the entropic selectivity offered by aPP in the
sieving of O, and N2, but our penetrants are modeled
as rigid dumbbells with their rotational degrees of
freedom explicitly included, as opposed to idealized
spheres.

A brief discussion of the transition-state theory
formulation of Greenfield and Theodorou?®? is presented
in the next section. Details of the model systems are
given in section I11. The calculation details are described
in section 1V. Section V discusses the results of the
present study, and conclusions are given in section VI.

Il. Transition-State Theory

Transition-state theory addresses the rate of occur-
rence of rare events, such as penetrant diffusion in
glassy polymers, where adjacent sorption sites are
separated by energy barriers much greater than the
thermal energy.13-15 These events happen on time scales
that are beyond the range amenable to study by
conventional molecular dynamics simulations. For an

activated process, the rate of occurrence can be written
a316'17

kaT OF kgT
KTST= =2~ % = ~—exp(—pAA) (4)

where KTST is the rate constant (with units of inverse
time), Q is the partition function, AA is the free energy
barrier, f = 1/kgT, and h is the Planck constant. The
superscripts ¥ and 0 indicate the transition state and
the minimum, respectively. Using the definition of
Helmholtz free energy, this equation can be used to
derive the selectivity equation, eq 2.

Previous molecular dynamics studies have revealed
the involvement of the torsional motion of chains in the
hopping motion of the penetrant during diffusion in
polymers.18 Hence it is important to incorporate the
polymer dof’s in the search for transition states and the
subsequent evaluation of the partition functions and the
rate constants. As mentioned above, Greenfield and
Theodorou'!12 studied a number of hopping events of a
(spherical) methane molecule in atomic-level models of
glassy polymer structures. The authors developed an
efficient technique to incorporate polymer degrees of
freedom, such as torsional motions and bond angle
vibrations, in a self-consistent manner when describing
the motion of the penetrant during diffusion. The
authors also derived an expression for the rate of
hopping within the harmonic approximation; the po-
tential energy of the system was treated as a simple
harmonic function in all dof's, including those of the
participating polymer segments, in the transition state



3144 Rallabandi et al.

and the minimum.® Due care was taken to ensure that
the end result was independent of the coordinate system
used. Using the quantum mechanical vibrational parti-
tion function, the resulting rate expression for a hop
involving a total of n dof's was given by

k™T = k, exp(—fAU) (5a)
where
n g _h/l/io n
1—-exp
=2t ° b
__ ] L 5
T Tt | (5b)
I_! 1—exp
= . B L
and

AU = (U — U (5¢)
with v? the vibration frequency of mode i in the
minimum and vii the vibration frequency of mode i in
the transition state. Note that in the denominator of eq
5b, i = 1 corresponds to the diffusion direction (along
which the vibration frequency is imaginary), so this
term is not included in the product. The entropy barrier
AS can be calculated using the relation??

. (hky
AS/kB =1In ﬁ -1 (6)
B

Given a jump event of a penetrant from one minimum
energy position to another through a transition state,
the energy and entropy barriers can be determined from
eqgs 5c¢, 5b, and 6, and the total rate for that jump event
can be obtained from eq 5a.

The approach taken in this paper will be to consider
individual jump events, calculate the energetic and
entropic barriers for each penetrant (O, and N,) sepa-
rately, and then use eq 3 to estimate an entropic and
an energetic selectivity for each jump. Since the mac-
roscopic selectivity is ultimately determined by the
selectivities of individual hopping events, our results
will provide insight on macroscopic behavior. However,
note that we do not actually predict a ratio of macro-
scopic diffusion coefficients. Such macroscopic properties
could be estimated, but significantly more effort and
statistical analysis is necessary; this will be the subject
of future work.

To proceed with our analysis of transport in a
polymer, we must first prescribe an atomic-level model
of a polymer/penetrant system, including interaction
potentials. Then we must locate transition states and
associated minima to define hopping events, and evalu-
ate rate constants based on the information at the
transition states and minima.

I11. Model and Potential Details

A. Polymer and Penetrant Models. The atactic
polypropylene (aPP) models used in this study were very
similar to those used by Greenfield and Theodorou.1112
These structures were parametrized in terms of the
various bond lengths, Eulerian, bond, and torsional
angles, and chain-start positions following Theodorou
and Suter.?® We review only the most important fea-
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H C|H3
c—|c CH;
H H

x-1

Bond lengths (A)

Bond angle supplements (degrees)

c-C 1.53 intradyad C-C-C 66.0
C-H 1.10 interdyad C-C-C 68.0
C-CH; 1.53 intradyad C-C-H 71.0
interdyad C-C-CH; 68.0
interdyad C-C-H 732

Figure 1. Chemical structure of atactic polypropylene. The
bond lengths and angles were constrained, during all calcula-
tions, at the values shown here.

tures here; the interested reader is referred to their
publications for details. We employed polymer struc-
tures with three polymer chains of 50 monomers each
at a density of 0.892 g/cm3; this is equal to the
experimental density at 233 K, which is ca. 20 K below
the T4 of aPP.2% The polymer model, which was cubic
and periodic in all three dimensions, had a side length
of 22.79 A. The repeat unit of the polymer is depicted
in Figure 1; we followed the previous authors1220 in
using the “united atom” model for the methyl units and
explicit atom models for the rest of the species. The C—C
and C—H bond lengths are constrained at their mean
values. Whereas Greenfield and Theodorou'®'? consid-
ered the bond-angles to be flexible, we considered them
also to be constrained at their mean values to reduce
the computational requirement. A molecular dynamics
study by van Gunsteren and Karplus?! demonstrated
that the assumption of rigid bond angles can affect the
dynamics of complex model molecules, damping posi-
tional fluctuations and dihedral angle transition rates
relative to those in unconstrained models. Our flexible
polymer model will therefore be somewhat less flexible
than that of Greenfield and Theodorou,2 but we
expect that our comparative study of flexible and
perfectly rigid polymers will not be qualitatively affected
by this assumption.

The initial polymer structures were generated at the
given density and temperature using the Polymer
Builder module of the CERIUS? software from Molec-
ular Simulations Inc.22 This module samples the tor-
sional angles using the RIS method2® while avoiding
significant overlaps between polymer atoms.2° After the
polymer structure was built, the Energy Minimizer
module of the software was used to obtain a preliminary
glassy matrix. The AMBER force-field was employed
during this step, with the bond-length and angle-
bending spring constants modified to very high values;
this led to a minimized structure with bond lengths and
angles essentially fixed at the desired values. The final
glassy polymer structure was created by further mini-
mizing the potential energy in terms of only the
torsional angles, chain start positions, and Eulerian
angles.?* The BFGS algorithm, as implemented in
FORTRAN by Byrd et al.,?> was used for this purpose;
no penetrants were present in the polymer matrix
during energy minimization. The penetrant jump re-
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Table 1. Pure Component LJ Parameters

species o (A) € (kcal/mol) reference
CH3 3.564 0.1388 Greenfield and Theodoroul!
C 3.207 0.0841 Greenfield and Theodoroul!
H 2.316 0.0763 Greenfield and Theodoroul!
N 3.310 0.0741 Fischer and Lago®!
o 3.090 0.0886 Fischer and Lago®!

sults presented here were obtained from studies carried
out in three independently built glassy polymer struc-
tures.

The diatomic penetrant molecules, O, and N, were
modeled as rigid dumbbells with the two force centers
separated by a distance equal to the equilibrium bond-
length (1.0166 and 1.0897 A respectively). Unlike
spherical molecules, these penetrants have five degrees
of freedom: the three Cartesian coordinates of its center
of mass and two Eulerian angles.?*

B. Potentials. The total energy of the penetrant—
polymer system is given by

U=U, +U

tor poly—poly + Upoly—pen (7)

where Uy is the torsional energy associated with the
rotation of the skeletal bonds, Upoy—pory is @ pairwise
sum of the nonbonded interactions between the polymer
segments, and Upay—pen is the corresponding quantity
evaluated between polymer segments and the two force
centers on the penetrant. The potential energy expres-
sions and most of the parameters employed therein were
taken from Theodorou and Suter;?° these are briefly
described below.
The torsional energy is given by

k¢
Upae(9) = (1~ cos 3¢) ®)

where ¢ is the torsional angle. A value of 2.8 kcal/mol
was used for Ky.

The polymer—polymer and polymer—penetrant non-
bonded interactions were modeled with the site—site
12—6 Lennard—Jones (LJ) potential. To ensure that the
energy function and its first and second derivatives were
continuous in the entire range of the center-to-center
distance r between two species, the attractive tail of the
potential was approximated by a quintic spline.?° The
expression of the potential is given in Appendix A. The
pure component LJ parameters for the different species
are given in Table 1. The LJ parameters for cross-
interactions were calculated from the pure component
values using Lorentz—Berthelot mixing rules.?¢ Periodic
boundary conditions with the usual minimum image
convention?® were employed to eliminate surface ef-
fects.

1V. Details of Calculation

A. Geometric Analysis of Polymer Structures.
The first step in studying the hopping motion of a
penetrant is the location of the transition state, i.e., the
lowest-energy point on the (hyper) surface that sepa-
rates the “reactant” and the “product” states. In general,
the transition state is physically located in the vicinity
of the neck that separates two adjacent packets of free
volume present in a microporous material, such as a
polymer. In a material made of atoms arranged in a
relatively simple geometrical pattern, e.g., in a zeolite
with well-defined cages and sieving windows arranged
on a regular lattice, the transition states can be located
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in a straightforward way. In a polymer model, on the
other hand, the energy landscape is very complex and
hence the location of the transition states is not trivial.
This task becomes even more difficult when the polymer
dof's are considered as flexible, i.e. when the polymer
structure is allowed to rearrange in response to the
presence of the penetrant. Hence the location of transi-
tion states in a flexible polymer model requires the use
of sophisticated search techniques. The success of these
algorithms in yielding a viable transition state depends
on the proximity of the initial guess configuration to that
in the transition state.

Since the physical “terrain” in a polymer matrix does
correspond to the energy landscape (e.g., constrictions
roughly correspond to the energy maxima), geometric
analysis of the polymer structures is useful. Several
researcers have employed Delaunay tessellation?”28 or
fine grid maps?® to visualize the free volume clusters
accessible to hard-sphere probes of different diameters,
and to locate possible constrictions bridging two adja-
cent cavities.

In this work, we used a more direct methodology of
surveying the polymer—penetrant interaction energy in
the polymer models to accomplish this task. Since the
penetrant position in a transition state in the rigid
model correlates well with that in the corresponding
flexible case, we used the rigid models to generate
several initial guesses for the transition state search.
Although true diatomic penetrants were eventually used
in this study, a monatomic penetrant was used in the
geometric analysis. Hence there are only three degrees
of freedom in the problem, which greatly simplifies the
energy sampling to study the microstructure of the
polymer models. The basic approach, presented below,
is similar to that used by Gusev and Suter3® and June
et al.3!

The three-dimensional configurational space was dis-
cretized as a cubic grid of volume elements or voxels,
with grid-spacing a. In our study, the energy of interac-
tion Upoly—pen between the polymer and a penetrant
particle located at the center of each voxel was calcu-
lated. Voxels with energies beyond a cutoff value of
75kgT, which signifies significant overlap with the
polymer excluded volume, were dropped from the sub-
sequent analysis. For each voxel, the lowest energy was
determined from the 27 values occurring in the 3 x 3 x
3 cube centered on the current voxel. If the central voxel
has the lowest energy, then this point is a local
minimum. Ties were resolved by always choosing the
voxel which occurs later in the arbitrary ordering of the
voxels by position.

Once this has been done, it is computationally inex-
pensive to partition the voxels into a set of cavities
which cover the entire three-dimensional volume of the
polymer. To understand this, it is helpful to imagine
an arrow drawn from each voxel to its minimum energy
neighbor. According to the procedure described above,
a voxel can have zero, one, two, or more arrows entering
it, but only one arrow leaving it (or zero if it is a
minimum). These properties result in the arrows form-
ing a set of arborescences, which are directed graphs
with no loops and only one root. Hence there is a one-
to-one correspondence between cavities and root voxels.
In addition, all points belonging to a given cavity can
be found by starting at the root voxel, and finding all
the voxels which are connected to it. Computationally,
this was done by identifying which of the 26 neighbors
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of the root voxel had it as their minimum energy
neighbor. These voxels belong to the same cavity as the
root voxel. Their neighbors were checked in turn, and
the process was repeated in an iterative fashion until
no more members of the current cavity were found. By
repeating this for all the root voxels, every voxel is
attributed to one and only one cavity.

Once the voxels were partitioned into cavities, we
proceeded to evaluate properties of the cavities, and the
dividing surfaces between cavities. For example, the
physical volume V; of cavity i is simply the number of
voxels in the cavity, multiplied by a3. The partition
function Q; of cavity i, which is the integral of the
Boltzmann factor exp(—Upoly—pen/ksT) over the cavity
volume, can be computed by summing the Boltzmann
factors calculated for each voxel.

To find transition states, the boundaries or dividing
surfaces between cavities must be located. We defined
cavity boundaries by boundary voxels, for which one or
more of the six nearest neighbors belongs to a different
cavity. The location of the transition state was taken to
be the center of the minimum energy boundary voxel.
The coordinates of the transition states identified in this
manner were used as initial guesses in the subsequent
saddle point searches in rigid and flexible polymer
models using a dimer penetrant.

B. Methods for Location of Transition States
and Minima. In the transition state (TS), which is a
first-order saddle point, all but one of the normal modes
(which corresponds to the diffusion direction) have real
frequencies. Hence the Hessian (the matrix of second
derivatives of total potential energy) evaluated at the
TS has a single negative eigenvalue. The work of Cerjan
and Miller3? provides the basis for most techniques
employed in the literature for saddle point searches.
Baker3? summarized the original work along with the
later developments and made an algorithmic presenta-
tion of the technique, which is popular among research-
ers. Greenfield and Theodorou!®1? also employed Bak-
er's algorithm®® in their work. Wales®*35 followed a
slightly different approach in formulating the optimiza-
tion problem. Whereas two different shift parameters,
referred to as A, and A,, are used for the maximizing
and minimizing modes in Baker’s algorithm,33 Wales
introduced separate shift factors along all normal
modes; a larger variety of high-dimensional problems
could be solved more effectively using Wales’ algorithm.
In the present work, which involves systems with
anywhere from 100 to 200 total dof's, Wales’ algorithm
was also generally found to be more efficient. We caution
the readers here that this statement is not intended to
be a general prescription since no systematic and
thorough comparison of the performance of the two
methods was carried out.

Once a TS is located, the corresponding minima were
located by following Fukui's intrinsic reaction coordinate
(IRC) methodology.3¢ Banerjee and Adams3” appropri-
ately modified the original prescription to make it
consistent with the use of generalized coordinates (q),
as opposed to mass weighted Cartesian coordinates. As
mentioned earlier, the generalized coordinates include
the five penetrant dof’s, the polymer torsional and
Eulerian angles, and chain start positions. The reaction
path involving generalized coordinates is described by
the following prescription!? for a step dq

a’dq = vV,U dr 9)
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where a° is the covariant metric tensor calculated based
on the flexible dof's and dr is a scaling factor used to
adjust the step size. The size of the multidimensional
step, ds, was calculated by the equation??

ds® = (dg)" a°(daq) (10)

Since the gradient of potential energy with respect to
all flexible dof's is zero in the TS, the first step from
the TS must be treated differently than prescribed in
eq 9. Generally the pathways to each of the minima
were initiated along the eigenvector corresponding to
the single negative eigenvalue of the following general-
ized eigenvalue problem?237

(Hyg — A a%dg =0 (11)

where Hqq is the Hessian with the derivatives evaluated
with respect to the flexible degrees of freedom and 1 are
the eigenvalues.

C. Implementation of Rate Calculations. Rigid
Polymer. Each search for a transition state was initi-
ated by inserting a single penetrant molecule into the
energy-minimized polymer structure. The center of mass
of the diatomic gas molecule was first placed at the
coordinates of a TS located by the geometric analysis
detailed above; the orientation of the penetrant was
chosen randomly. Since the penetrant used in the
geometric analysis was a spherical oxygen molecule, as
opposed to a dumbbell model used in the rest of the
steps, a new transition state in penetrant dof's was
found using Wales’ algorithm. The two minima associ-
ated with this TS were located by following the IRC
prescription discussed earlier; a step size ds of 0.001 (g/
mol)¥2 A (calculated using eq 10) was used in calculating
the diffusion path. Finally the rates of hopping in both
directions were evaluated using eq 5, with the frequen-
cies calculated from the eigenvalues of the Hessian
matrix at the appropriate locations.

Flexible Polymer. The presence of a penetrant
naturally perturbs the polymer structure in its immedi-
ate vicinity, and the polymer degrees of freedom, such
as torsional motions, in turn affect the hopping process
of the gas molecule. Hence determining which of the
polymer dof’s are to be treated as flexible is important
for obtaining an accurate estimate of the hopping rate.
As pointed out by Greenfield,38 too many polymer dof’s
cannot be treated as flexible due to the constraints on
computational power and, more importantly, to avoid
studying the effects of long-range chain rearrangements
as opposed to the more relevant, local segmental mo-
tions. On the other hand, one might expect that at least
those polymer segments which enter the potential range
of the penetrant during a hop event should be treated
as flexible. Following Greenfield and Theodorou,'2 when
segment i along the chain is found within the potential
cutoff from the penetrant, the nearest six torsional
angles are treated as flexible. If that segment happens
to be a chain start, its position as well as the Eulerian
angles were also treated as flexible.

Since the penetrant travels significant distances in
the course of a hop, it is important to include the
polymer dof's along the diffusion path. Greenfield and
Theodorou'? addressed this issue by including additional
dof’'s in the IRC calculation whenever a new polymer
segment was found within the penetrant’s sphere of
interaction. We believe that it is more desirable to make
an a priori estimate of all of the dof's along the path
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that need to be treated as flexible and find the transition
state in all of these relevant dof's. Our initial estimate
for the relevant degrees of freedom is obtained from the
hopping event in the rigid polymer model. At the
transition state in the rigid polymer, we note all polymer
segments that are within the potential cutoff from the
two penetrant centers. Subsequently as the penetrant
moves along the diffusion path during the rigid—
polymer IRC calculation, this list is augmented with the
new polymer segments encountered by the penetrant.
All degrees of freedom associated with the final list of
atoms, after locating the two minima, are treated as
flexible in studying the corresponding hop in flexible
polymer model.

Next we discuss the actual search for the transition
state in this high-dimensional space. Starting with the
TS configuration in the rigid polymer and a list of dof's
from the rigid case, a higher dimensional transition
state in the penetrant and polymer dof’s was found by
“releasing” the latter set in an incremental fashion. This
procedure is similar to the one suggested by Greenfield
and Theodorou,2 who found that the TS search is much
quicker when polymer dof's are included in steps than
when all were treated as flexible simultaneously. We
first picked the five polymer segments closest to each
of the centers of the penetrant dumbbell and treated
all the torsional angles associated with them as flexible.
After the higher dimensional transition state was found,
the dimensionality of the problem was further increased
by releasing more polymer dof's. This process was
continued until we treat as flexible all the torsional
angles associated with the polymer segments found
within the potential cutoff distance from the penetrant.
After this, we also released all the dof's in the list
compiled earlier along the IRC path in the rigid polymer
and found the corresponding transition state. Subse-
quently, the IRC following was initiated, and the two
minima were found. As before the rates of hopping were
found using eq 5. Interestingly, the inclusion of ad-
ditional degrees of freedom in the calculation (beyond
those relevant at the transition state) did not signifi-
cantly alter the energy and entropy barriers and selec-
tivities.

As a consistency check, a list of dof's that should be
treated as flexible was compiled along the high-
dimensional IRC path in the flexible polymer, and it was
compared with the original list based on the rigid
polymer. In most cases, fewer than six new torsional
angles were added to the list, which on average corre-
sponds to one more polymer segment being treated as
flexible. We found that including these new dof’s further
in the transition state search and IRC path evaluation
did not alter the rate constant values significantly;
hence they were not included in obtaining the results
reported here. For those cases where many more new
polymer dof's were added (about 15% of the total), the
spatial locations of the transition state and/or minima
were observed to change substantially (>2 A) relative
to the positions in the rigid case. This indicated that
the character and path of the hop had changed signifi-
cantly upon introducing polymer degrees of freedom.
There is nothing physically unrealistic about such a
result, so these hops were included in the calculation
of aggregate statistics such as median energy and
entropy barriers. However, since these hops are no
longer correlated with the original hop in the rigid
polymer, we chose not to include them when the rigid
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and flexible polymer models were directly contrasted.
Since the nitrogen molecule is larger than the oxygen
molecule, more polymer dof's are treated as flexible
during its hop. The TS configuration found for the latter
is used as the initial guess for the former to save
computer time.

We studied several hops of the penetrants starting
with different initial guesses for the penetrant place-
ment in three independent glassy polymer structures.
In almost all cases the negative eigenvalue occurred in
one of the penetrant degrees of freedom; similar behav-
ior was also observed by Greenfield.38 In some instances,
the transition state search in the rigid polymer yielded
configurations in which the negative eigenvalue was
seen along one of the Eulerian angles of the penetrant.
These jumps were observed to be not diffusive but rather
related to molecular rotation; the jump length in such
cases was virtually zero. Hence, we present here only
those results where the negative eigenvalue occurs in
one of the Cartesian directions of the penetrant. In all,
42 distinct hopping events were studied. Since each
jump has two rate constants (forward and reverse)
associated with it, we have 84 rate constants.

V. Results and Discussion

A. Results. Energy and Entropy Barriers in
Rigid Polymer Models. The energy and entropy
barriers for oxygen in rigid polymer models are plotted
against the hopping distance d (i.e. displacement of the
penetrant center of mass from the transition state to
the minimum, which is different from the “path length”
of the hop) in Figures 2a and b, respectively. As can be
seen from the plots both barriers take on a range of
values: ~0.01 to ~10kgT in the case of AU and 1—10kg
in the case of AS. The distance d ranges from near 0 to
7.5 A; this wide range of values signifies the heteroge-
neity of the local microstructural features within the
polymer matrix. We would like to point out that the
entropy barriers are negative because the penetrant is
more constrained and hence has lower entropy in the
transition state compared to when it is in the minimum.
Similar ranges of activation barriers were seen by
Greenfield and Theodorou®? during the hopping of a
spherical methane molecule.

On the basis of the free energy values of the two
minima, each of the two rates in a given jump event
can be assigned a direction. By analogy with chemical
kinetics, the “forward” event is defined as movement
from the minimum of higher free energy to that of lower
free energy, and the “reverse” event is of course defined
as the opposite. A significant correlation between the
direction of motion and the magnitude of the energy
barrier might be expected, but none was detected in this
work; the “forward” and “reverse” rate data were well-
mixed in plots such as Figure 2 (not explicitly shown).

We can see from parts a and b of Figure 2 that both
AU and —AS are positively correlated with distance d.
Interestingly, the energy and entropy barriers exhibit
different behaviors above and below a d of ~2 A.
Typically, AU’s below this hop distance are less than
or close to kgT. Hence the corresponding hops are not
activated. Entropy barriers also behave differently
above and below a d of 2 A. For d < 2 A, AS values do
not show much scatter, but tend to be in a narrow range
between —2 and —4kg. On the basis of the small
distances, these jumps likely occur within the sorption
site; they are so-called “intramacrostate” hops that do
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Figure 2. Energy barriers (a) and entropy barriers (b) during
oxygen hopping in the rigid polymer models. d is the distance
from the location of the transition state to the associated
energy minimum.

not contribute to the overall diffusion of the penetrant.!?
The hops with d > 2 A are likely the “intermacrostate”
jumps that take the penetrant from one sorption site to
an adjacent one.

A similar range of values for barriers and hopping
distances were seen for nitrogen. The AU values for
oxygen are plotted versus those for nitrogen in Figure
3a; a corresponding plot of AS values is given in Figure
3b. By comparing the data against the y = x lines given
on the plots, one can see that whereas AU values for
O, are in general lower than those for N5, no such trend
is obvious in the case of AS. The former observation can
be explained based on the sizes of the penetrants: since
nitrogen is larger than oxygen, it overlaps more with
the polymer atoms comprising the neck, thus possessing
the higher potential energy in the transition state. In
the cavity, depending on the local packing of polymer
segments, nitrogen may have higher or lower energy
compared to oxygen. Since the difference in penetrant
energies in the minimum is expected to be much smaller
than that in the transition state, the energy barrier
itself is higher for nitrogen than oxygen.

On the basis of the sizes of the penetrants, one would
expect that nitrogen would also have a higher entropy
barrier. Judging from the magnitudes of the normal-
mode frequencies, nitrogen is indeed more constrained
(i.e., has lower entropy) in the transition state compared
to oxygen. However, our data indicated that nitrogen
is often more constrained compared to oxygen in the
minimum as well, leading to a decrease in the overall
entropic selectivity for the hopping event. Further
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Figure 3. Comparison of energy barriers (a) and entropy
barriers (b) for oxygen with those for nitrogen in the rigid
polymer models.

discussion of this phenomenon and its consequences for
the selectivity behavior will be given below.

Energy and Entropy Barriers in Flexible Poly-
mer Models. Flexibility of the polymer matrix is
expected to lower the energy barriers, since the polymer
segments can rearrange to reduce overlaps with the
penetrant. The same effect is expected in the case of
entropy barriers, since the penetrant presumably is
trapped less tightly in a flexible polymer compared to a
rigid one. The energy barrier values for oxygen in the
flexible polymer are plotted against those in the rigid
models in Figure 4a; the corresponding plot of entropy
barriers is shown in Figure 4b.

As expected, these plots show that both activation
energies and activation entropies decrease as a result
of polymer flexibility; however, the effect is seen to be
more pronounced in the case of energies, where order
of magnitude differences can be seen. Interestingly,
when the energy barriers are relatively low (<~3 kgT),
the values in flexible and rigid models seem to be equal
to each other. In the case of entropy barriers, similar
behavior tends to occur when AS is in the range between
—2 and —4 kg. This is probably another indication that
the these jumps are happening within a macrostate.

Rates of Hopping. Now we shall consider the rate
constants calculated for various hops in this study. Parts
a and b of Figure 5 show the hopping rates k™ST plotted
against d for oxygen and nitrogen respectively; values
in both rigid and flexible models are shown in these
plots. We can see that k™ST values are spread over a wide
range; this is a direct consequence of the wide spread
in the energy and entropic barriers seen earlier. A
similar range of values for rate constants was seen by
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Figure 4. Comparison of energy barriers (a) and entropy
barriers (b) for oxygen hopping in the flexible models with
those in the rigid polymer models.

Greenfield and Theodorou!!1? for methane in flexible
model systems. Since both barriers are lower in the
flexible polymer case than in the rigid one, the rates of
hopping are generally faster in the former case. We can
also see that the nitrogen hops are, in general, slower
compared to those of oxygen; this is consistent with the
experimental observation that the former species has a
lower diffusion coefficient in polymers compared to the
latter species.

The behavior of KTST values for d < 2 A requires some
discussion. The rate constants in this region have
similar values, in the range 10°-108 us™1, for both
penetrants; a very similar range of values was seen by
Greenfield and Theodorou?? for the hopping of methane
in the course of intramacrostate jumps. This behavior
seems to suggest that intramacrostate hops do not
closely distinguish between penetrants. Interestingly,
hopping rates in this region seem to be unaffected by
the flexibility of the polymer matrix.

Energetic and Entropic Selectivities. As given in
eq 2, selectivity is the exponential of the difference
between the corresponding barriers for oxygen and
nitrogen. Hence the simple difference between AU’s (or
AS'’s) for the two gases is enhanced when converted into
the corresponding selectivity. Energetic and entropic
selectivities for the different hops are plotted against d
in parts a and b of Figure 6, respectively. We can see
from Figure 6 a that energetic selectivity, in general, is
greater than unity; i.e., relative to nitrogen, oxygen
encounters smaller potential energy barriers during
diffusion. In this plot, we can also see the clear differ-
ence in behavior in going from a rigid polymer to a
flexible model; evidently, rigidity of the constriction
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Figure 5. Rate constants for oxygen (a) and nitrogen (b)
hopping in the rigid and flexible polymer models. d is the
distance from the location of the transition state to the
associated energy minimum.

helps to distinguish the two penetrants much more
effectively based on potential energy barriers. As the
polymer is made locally flexible and capable of respond-
ing to the penetrant’s presence, the overlaps are de-
creased, leading to a substantial lowering of the energy
barriers, and as a consequence the difference between
AU'’s also decreases. One statistic that illuminates this
discussion is the median value of the energy barriers
in different situations: the median values of AU’s in
the rigid polymer models for O, and N, respectively,
are 7.48 and 12.42kgT, whereas the corresponding
values in the flexible case are 3.89 and 4.96kgT. These
findings are consistent with the hypothesis developed
by Koros and co-workers? that the activation energy for
penetrant diffusion should increase with segmental
rigidity.

In contrast to energetic selectivity, entropic selectivity
(Figure 6b) cannot be said to be always favorable to
oxygen relative to nitrogen. Again looking at the median
values of entropy barriers for oxygen and nitrogen, in
the rigid models the values are —5.46 and —5.47kg
respectively, and in flexible models the values are —4.59
and —4.30kg, respectively. We can also see from these
numbers that rigid and flexible polymer models do not
seem to be much different in terms of the entropic
selectivity they offer. To look more closely at the effect
of flexibility on the two kinds of selectivity, we consider
the ratio of the selectivity value in the flexible polymer
to the corresponding value in a rigid matrix. Parts a
and b of Figure 7, respectively, show energetic and
entropic selectivity ratios plotted against d. Figure 7a
clearly shows that the flexible polymer has a signifi-
cantly smaller energetic selectivity than the rigid one,
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(b) in oxygen/nitrogen separation with the rigid and flexible
polymer models. d is the distance from the location of the
transition state to the associated energy minimum.

except for jump lengths smaller than ~2 A (likely
intramacrostate jumps). We believe that this is an
indication that polymer dof's do not participate signifi-
cantly in a intramacrostate jump; similar results were
seen by Greenfield and Theodorou.1112

In contrast to the energetic selectivity ratio, Figure
7b shows that the entropic selectivity ratio is never very
small, and in fact it is often greater than unity. There
is also a great deal of scatter in the data. This would
seem to suggest that polymer flexibility does not have
a significant effect on entropic selectivity, although the
contributions for the individual penetrant species are
affected (refer to Figure 4b). There also appears to be
some difference in the magnitude of the scatter for the
intra- and intermacrostate jumps, with less scatter
below d = 2 A.

B. Discussion. First we shall summarize the results
of the current study. We saw above that a variety of
penetrant hopping events is possible in polymers, in
which the activation entropies and energies assume a
wide range of values. These events are seen to fall into
two general categories: ones that occur within a cavity
and those that occur across cavities. Both energy and
entropy barriers are lower in the former cases, where
the minima are located typically within 2 A from the
transition state. Moreover, since polymer degrees of
freedom do not seem to participate in these hops, barrier
and selectivity values are not affected due to flexibility
of the polymer matrix. The intracavity hops do not
contribute to the overall diffusion of the penetrant, and
hence are relatively unimportant for us. In contrast, the
intercavity jumps do contribute to diffusion and will be
discussed further below.
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Figure 7. Ratios of energetic selectivities (a) and entropic
selectivities (b) in the rigid polymer to those in the flexible
polymer. d is the distance from the location of the transition
state to the associated energy minimum.

For jumps that occur across cavities, where the
penetrant passes through a constricting neck to move
to an adjacent packet of free volume, the activation
barriers are typically higher. Whereas the energetic
selectivity is seen to be favorable to oxygen compared
to nitrogen, the entropic selectivity fluctuated about
unity. The introduction of matrix flexibility substan-
tially lowers the energy barriers and the corresponding
selectivities. As mentioned above, this observation is
consistent with the hypothesis of a positive correlation
between penetrant activation energy and polymer seg-
mental rigidity, as developed in the literature by Koros
and co-workers.? The entropy barriers for each pen-
etrant are also lowered due to matrix flexibility, al-
though the effect is not as substantial as in the case of
energy barriers. However, entropic selectivities are
apparently not influenced strongly, or in any particular
direction, by flexibility.

The lack of clear effect of polymer flexibility on
entropic selectivity is directly at odds with the view of
Singh and Koros,®> who proposed that thermal motion
of the polymer chains leads to loss of entropic selectivity
in these materials. However, our result is perhaps not
very surprising in view of a recent simulation study by
Rallabandi and Ford,® who calculated diffusivity se-
lectivities for the oxygen/nitrogen separation in model
sieving windows. Their approach was based on statisti-
cal mechanics and transition-state theory and did not
use the harmonic approximation to evaluate the parti-
tion functions. Instead, the required free energy differ-
ences were directly estimated using a Monte Carlo
scheme proposed by Voter.*® Molecular-level flexibility
was included by tethering the solid atoms to their
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equilibrium positions with harmonic springs. Simula-
tions were performed at several window widths and
flexibilities, i.e., different values of the spring constants
(values as low as ~0.01 of the C—C bond strength were
used). The results from that study showed that while
the energetic part of the total selectivity was quite
sensitive to the window flexibility, the change in en-
tropic contribution was never more than about 20%,
even for very flexible windows.

As mentioned above, our data indicated that nitrogen
is often more constrained than oxygen in the minimum
as well as in the transition state, leading to a decrease
in the overall entropic selectivity for the hopping event.
These findings support the hypothesis of Zimmerman
and Koros® that the small cavity volumes associated
with the minima in polymers can have a significant
negative impact on entropic selectivity. In particular,
our results generally support the picture in Figure 4 of
Zimmerman and Koros,® where the entropy barrier of
nitrogen is lowered due to a high degree of confinement
in the minimum. Therefore, we believe that the appar-
ent lack of entropic selectivity in polymers is more likely
caused by factors associated with the molecular-level
distribution of the free volume, rather than the inherent
rigidity of the matrix.

The relatively good entropic selectivity in inorganic
materials can also be explained on the basis of free
volume.® The microstructure of inorganic materials such
as zeolites and carbon molecular sieves differs substan-
tially from that of polymers. In the inorganic materials,
the structure often consists of wide cages (radius ~6 A
or more) where the motion of small molecules is
relatively free, joined by small windows that provide the
sieving.*! In polymers, the distribution of free volume
is believed to be much different, although direct experi-
mental determination of free volume distribution in
polymers is not a straightforward task. Positron an-
nihilation lifetime spectroscopy (PALS) measurements
in polymers revealed that the average hole radius in
polymers typically ranges from 2.8 to 3.7 A.42 We note
that there has been some criticism of the assumptions
made in interpreting PALS results,*® so these reported
cavity sizes should be regarded with some caution.
Molecular modeling using hard-sphere penetrant probes
provides another method for estimating the free volume
distribution in polymers.27-2944-48 These studies, per-
formed on a range of polymer types, have revealed that
the accessible free volume fraction is a sharply decreas-
ing function of probe size and that very little of the
unoccupied volume is accessible to probes having radii
greater than ca. 2 A. Of course, larger cavities do exist
and can have a significant impact on the overall
transport properties. However, based on the results of
either PALS or molecular modeling, the typical free
volume elements in polymers are expected to be much
smaller than the cages seen in the inorganic materials.
This scenario may mean that nitrogen tends to be more
confined compared to oxygen not only in the sieving
neck, but also in the cavity. These differences tend to
offset those in the transition state, resulting in an
overall decrease in entropic selectivity.

If these conclusions are accurate, materials design
efforts for increasing entropic selectivity in polymers
should not be targeted toward increasing rigidity per
se, but rather toward manipulating the free volume. The
ideal would be to create structures similar to those of
inorganic molecular sieves, with cavities which are large
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enough to allow free movement (rotation) of the pen-
etrants. This idea has been considered before.? In fact,
Zhang*® synthesized isotactic polyphenyl silsequioxane,
a polymer containing eight-member silicone rings; un-
fortunately, this polymer did not show much higher
selectivities in the separation of O,/N, and CO,/CHy
than other silicone polymers with similar permeabili-
ties.% In light of our results, such approaches may be
worthy of reconsideration by experimentalists.

V1. Conclusion

Energetic and entropic selectivities for oxygen over
nitrogen were calculated in atomic models of glassy
atactic polypropylene, built following Theodorou and
Suter.20 Geometric and energetic analyses were per-
formed on these structures with a spherical probe
molecule to gain knowledge of the microstructure in the
models; the locations of possible sieving constrictions,
to be used as initial guesses in the transition state
searches, were also located in this step. The transition-
state theory method developed by Greenfield and The-
odorou®®12 was used to incorporate the polymer degrees
of freedom in the simulation of the penetrant hopping
process. Almost 100 diffusive hops of oxygen and
nitrogen were studied in rigid as well as flexible models
and rate constants were evaluated within the harmonic
approximation. Subsequently the separation selectivity
of each hop was partitioned into distinct energetic and
entropic contributions.

Our data showed a wide range of activation barrier
values; consequently, the observed rates of hopping
varied over several orders of magnitude. A strong
positive correlation between energetic selectivity and
polymer rigidity was observed, in accordance with
previous literature discussions.? Furthermore, our model
polymer offered low entropic selectivity, in accordance
with the observations of Singh and Koros.5> However,
the entropic selectivity was not correlated with rigidity
of the polymer, as speculated by those authors. Rather,
our data indicated that entropic selectivity is lost due
to the fact the cavities in polymers tend to be smaller
than those in inorganic materials, as proposed by
Zimmerman and Koros.® The nitrogen molecule was
confined more than oxygen not only in the necks but
also in the cavities; thus, the entropic selectivity seen
in the neck regions is offset by a comparable selectivity
in the cavities. The key to improving the performance
of polymer membranes seems to lie in producing larger
free volume packets and not just in improving the
rigidity of the necks.

We note that the results obtained in this study depend
on the validity of the harmonic approximation, which
is difficult to estimate. This approximation, which
assumes small oscillations about a stationary point,
might not be applicable in situations where the frequen-
cies of oscillations are low, and hence the corresponding
modes might explore configurations away from the
stationary point of interest.®® Hence it is desirable to
calculate the rates of hopping using free energy meth-
ods, analogous to the one adopted in our previous
study.3® However, attempts in that direction require
considerably more complex calculations and computa-
tional power. Efforts are currently underway in our
group to implement methods to rigorously evaluate free
energy barriers to penetrant hopping in polymer ma-
trices. We also plan to study more technologically
relevant polymers and state conditions.
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Appendix A. Form of the Model Potential

The modified LJ potential used in this work is
described by the following set of equations?°

woflfl] e

ij ij

=e(l — E)A, + AE+ ALY R, <r; <R
0 1 2 1 ij (AZ)
where
_Up
Ayj=— (A3)
€ rii=R,
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and
R—-—R
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The primes in the above equations denote derivatives
with respect to the center-to-center distance, rijj. Ry =
1.5 gjj and R = 2.3 gjj are used in this study.
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