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Molecular dynamics simulation of diffusion of gases in a carbon-nanotube-polymer composite
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Extensive molecular dynamics (MD) simulations were carried out to compute the solubilities and self-
diffusivities of CO, and CH, in amorphous polyetherimide (PEI) and mixed-matrix PEI generated by inserting
single-walled carbon nanotubes into the polymer. Atomistic models of PEI and its composites were generated
using energy minimizations, MD simulations, and the polymer-consistent force field. Two types of polymer
composite were generated by inserting (7,0) and (12,0) zigzag carbon nanotubes into the PEI structure. The
morphologies of PEI and its composites were characterized by their densities, radial distribution functions, and
the accessible free volumes, which were computed with probe molecules of different sizes. The distributions of
the cavity volumes were computed using the Voronoi tessellation method. The computed self-diffusivities of
the gases in the polymer composites are much larger than those in pure PEI. We find, however, that the increase
is not due to diffusion of the gases through the nanotubes which have smooth energy surfaces and, therefore,
provide fast transport paths. Instead, the MD simulations indicate a squeezing effect of the nanotubes on the
polymer matrix that changes the composite polymers’ free-volume distributions and makes them more sharply
peaked. The presence of nanotubes also creates several cavities with large volumes that give rise to larger
diffusivities in the polymer composites. This effect is due to the repulsive interactions between the polymer and
the nanotubes. The solubilities of the gases in the polymer composites are also larger than those in pure PEI,

hence indicating larger gas permeabilities for mixed-matrix PEI than PEI itself.

DOLI: 10.1103/PhysRevE.76.011810

I. INTRODUCTION

Nanoporous media constitute an important class of mate-
rials with a wide variety of applications. They include cata-
lysts, membranes, adsorbents, and thin flims that are used not
only in surface coating, but also as low-dielectric-constant
materials, sensors, and insulators. In particular, membranes
have been advocated for many years as a promising tool for
the separation and purification of fluids [1-3], while biologi-
cal membranes are also of immense importance to a variety
of biological activities and functions. For example, separa-
tion by membranes of oxygen from air, enrichment of meth-
ane in the gas mixtures that landfills produce, and separation
of H, and CO, from coal gasification processes have at-
tracted considerable attention. In addition, an important im-
pedement to the use of fuel cells has been the production of
hydrogen with high degree of purity, which certain nano-
porous membranes may be able to provide by separating H,
from various gas mixtures.

Among many nanoporous membranes that have been pre-
pared and advocated for various applications, carbon-
molecular-sieve membranes (CMSMs), which are prepared
by carbonization of a variety of polymeric precursors, have
recently been studied as a promising alternative to both in-
organic and polymeric membranes [4-8]. In particular, we
have been using polyetherimide (PEI)—a high-temperature,
glassy, amorphous polymer [8]—as the polymeric precursor
in the preparation of CMSMs. The average pore size of
CMSMs is typically less than 5 A, because of which the
molecular interactions between the gases that pass through
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the membranes’ nanopores are important and cannot be ig-
nored. Therefore, accurate studies of such nanoporous mate-
rials and sorption and transport of gases and liquids in them
require detailed molecular modeling [9,10]. Over the past
few years, we have been developing [11-13] atomistic mod-
els of CMSMs and of sorption and transport of low-
molecular-weight gasess in them, using molecular dynamics
(MD) simulations. Our models and studies have provided not
only estimates of the macroscopic properties of interest, such
as the effective diffusivity and solubility of various gases,
but also detailed information on the mechanisms of transport
processes in such materials. Since we have been using PEI as
a polymeric precursor for the preparation of CMSMs [7,14],
one goal of our study, in addition to being important and
interesting on its own, has been gaining better understanding
of the similarities and differences between transport and
sorption in PEI—the precursor material—and CMSMs—the
final nanoporous material made from the precursor.

Recent experiments indicated [14] that mixed-matrix
membranes, composed of polyimide and CMSMs pyrolyzed
from polyimide, exhibit much improved permeance and se-
lectivity for the separation of various gas mixtures, such as
CO,/CHy,. At the same time, recent atomistic simulations of
gases in single-walled carbon nanotubes [15,16] indicated
very high gas permeances, rates of transport, and excellent
separation properties. The purpose of the present paper is to
report the preliminary results of a study for investigating the
possibility of improving the performance of a polymeric
membrane by inserting carbon nanotubes in its matrix. Using
MD simulations, we study diffusion and solubility of CO,
and CH, in PEI and in its composites, which we generate by
inserting carbon nanotubes in PEIL Such a study is important
not only on its own, as it explores the possibility of devel-
oping better polymeric membranes and composites, but can
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also provide insight into improving the performance of
CMSMs for which PEI is a precusor. Our study has been
made possible by recent advances in computing and molecu-
lar simulation techniques that enable us to construct models
of glassy amorphous polymers, such as PEI, with accurate
interatomic potentials.

Only a relatively small number of studies has been de-
voted in the past to molecular modeling of diffusion (and
sorption) in polymers, most of which have dealt with flexible
polymeric chains composed of repeating units with a rela-
tively simple structure, such as poly(dimethylsiloxane)
(PDMS), poly(isobutylene), polyethylene (PE), and polypro-
pylene [17-23]. Moreover, very few studies have focused on
polymers that consist of stiff chains [24-26], as well as
membrane materials, such as polyelectrolytes [27,28].
Mooney and MacElroy [28] studied, for example, diffusion
of small molecules in semicrystalline aromatic polymers.
There have been only a few papers using MD simulations to
study the transport mechanism(s) in polymeric materials. For
example, Tamai et al. [17] and Fritz and Hofmann [18] uti-
lized MD simulations to study the diffusion and sorption of
methane, water, and ethanol in PDMS and PE using a united-
atom model in the bulk region, while Muller-Plathe [19] car-
ried out MD simulation of diffusion of water in poly(vinyl
alcohol), used as packaging materials. Very few studies have
focused on the transport of small molecules through glassy
polymers [28], calculating both the molecules’ solubility and
diffusivity. Generally speaking, while good qualitative agree-
ment between simulation and experimental values of the dif-
fusion coefficients and the solubilities has been obtained,
only a few models have produced quantitative agreement
with the experimental data. While tuning the parameters of
the force field that represents the polymers improves the
agreement between the computed and measured values, it
has been shown that the size of the simulation cell itself [23]
and the method of polymer generation [22] significantly af-
fect the calculated molecular solubility in a polymer glass.
The only work that we are aware of that investigates the
properties of nanotube-polymer composites is that of Wei et
al. [29] who used MD simulations to study the thermal ex-
pantion and transport characteristics of carbon nanotube-
polyethylene composites. In addition, MD simulations were
very recently utilized by Han and Elliot [30] to compute the
elastic properties of polymer-canbon nanotube composites.

The rest of this paper is organized as follows. In Sec. II
we present the details of the molecular modeling, including
the atomistic models of PEI, its composites, MD simulation
of gas diffusion in the materials, and computation of the
free-volume distributions and the gases’ solubilities. Section
IIT contains the results of the study and their implications,
while Sec. IV presents an in-depth discussion of the results.
The last section summarizes the paper.

II. MOLECULAR MODELING AND SIMULATION

The MD simulations consist of two steps. First, we gen-
erate molecular models of PEI and also a mixed-matrix poly-
mer (MMP) composite, consisting of PEI and carbon nano-
tubes, by the methods described below and compute the free-
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volume distributions and the solubilities. The next step is
carrying out equilibrium MD simulations of the diffusion of
CO, and CH, in PEI and MMP composites. In what follows,
we describe the details of the computational techniques
employed in our studies.

A. Generation of the polymer and its mixed-matrix composites

The PEI microstructure was generated using a modified
version [31,32] of the self-avoiding walk (SAW) method of
Theodorou and Suter [33]. Polymer generation starts by in-
serting three atoms in the backbone of the polymer, con-
nected together by the bonds, in a cubic unit cell in a random
orientation. The length of the backbone chain is then in-
creased stepwise by adding one atom at a time to the grow-
ing polymer chain, using the modified SAW method. During
the growth of the polymer, the allowed rotational states of
successive bonds between adjacent atoms are determined
from the probability distribution functions that are governed
by energy considerations. The probability that a bond as-
sumes a given orientation relative to an adjacent bond de-
pends on the rotational state of the adjacent bond. Therefore,
although an atom can be added to the growing polymer in a
number of different orientations, only the particular orienta-
tion that results in the smallest increase in the potential en-
ergy of the polymer has the highest probability of forming.
In this way polymers of a given length are constructed. The
PEI structure was constructed using 40 repeating units, and a
single polymer chain was inserted into the simulation cell in
order to eliminate chain-end effects.

We used single-walled carbon nanotubes (SWCNTSs) in
order to generate nanotube—PEI-polymer composites. Two
types of composite were generated using open-ended zigzag
(7,0) and (12,0) nanotubes. (Use of other types of carbon
nanotubes is currently being studied.) We refer to the two
types of polymer composites as MMP7 and MMP12, respec-
tively. The length of both nanotubes was about 14.4 A,
whereas their open-end diameters were 7 and 10.5 A, respec-
tively. In each case three nanotubes were inserted at ran-
domly selected positions within the polymer matrix (without
allowing overlap with the polymer’s atoms) and their dan-
gling ends were saturated with hydrogen atoms. Their final
locations within the polymer were determined using energy
minimization and MD simulations (see below). The weight
fractions of the (7,0) and (12,0) nanotubes in the composites
were 0.13 and 0.22, respectively. Figure 1 presents the struc-
ture of a repeating unit of PEI, together with that of the (7,0)
nanotube. Minimum-image periodic boundary conditions
were imposed on the cubic simulation cell in order to elimi-
nate the boundary effects. The entire procedure for generat-
ing the structures of the materials and computing the various
properties of interest was as follows.

In the case of pure PEI [13], the initial packing density in
the simulation cell was set at 0.1 g/cm?® (using a large simu-
lation cell). The energy of the system was then minimized
using conjugate-gradient algorithms [9]. The resulting struc-
ture was then compressed using MD simulation in a (NPT)
ensemble under a pressure of 0.6 GPa for 10 ps in order to
increase the polymer density to be as close to the experimen-
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FIG. 1. (Color online) Repeating units of the PEI (top) structure
and the zigzag (7,0) carbon nanotube (bottom).

tal value of 1.27 g/cm?® as possible. Energy minimization
and short-duration MD simulations in the (NVT) ensemble at
1000 K were then followed in order to further relax the ma-
terial. Then, MD simulations were carried out in the (NPT)
ensemble for several ns at 1 atm and 300 K. The gases’ solu-
bility and the free-volume distribution of the polymer were
then computed. To compute the effective self-diffusivities of
CO, and CH, in the PEI structure we followed the same
procedure as above, except that, after generating the initial
PEI structure by the SAW method, we inserted the gas mol-
ecules in the simulation cell (without allowing overlaps of
the gases with the atoms of the PEI structure) and followed
the energy-minimization—-MD simulation procedure. We esti-
mated the diffusivities by using both the (NPT) and (NVT)
ensembles and, as discussed below, discovered some differ-
ences between the results obtained with the two ensembles.

In the case of MM PEI, after generating the polymer at
low density, we inserted the SWCNTs at randomly selected
points within the simulation cell, disallowing overlap with
the atoms of the PEI structure. The same energy minimiza-
tion, compression, and further relaxation steps as above were
then followed. The gases’ solubilities and the composites’
free-volume distributions were then computed. To compute
the self-diffusivities of the gases, insertion of the nanotubes
was followed by insertion of the gases’ molecules into the
simulation cell at randomly selected points (without allowing
overlaps), followed by energy minimization, compression,
and further structural relaxation. In all the cases, ten mol-
ecules of each gas were utilized in the diffusion simulations.
During all MD simulations, the time step was 1 fs. The tem-
perature was held constant by the Nosé-Hoover method [34],
while pressure was fixed by the Andersen method [35]. All
softwares used in the simulations have been developed in our

group.

B. Force field

All interaction potentials for pure PEI were computed
based on the polymer-consistent (PC) force field [36]. The
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details of the force fields were given previously [13,36], but
for completeness are briefly described here. The potential
energy associated with bond stretching is given by

4
Ey= 2 k(€ =4y, (1)
=2

where € is the equilibrium length of the bond, € its length
during the simulations, and &; a force constant. The potential
energy associated with the deviations of bonds’ angles from
their equilibrium values is determined by

4

Ey=2 h(6-6,), (2)
=2

where 6, is the equilibrium bond angle, 6 its angle during the
simulations, and #; the corresponding force constant. The
dihedral (torsional) potential energy of the bonds is given by

4
E¢=Ed,-(1—cosi¢), (3)
i=2

with d; being a force constant and ¢ the dihedral angel. The
nonbonded interactions were estimated using a sum of a 6-9
Lennard-Jones (LJ) potential and the standard expression for
the Coulombic interactions:

9 6
Enb(rij)zz fij[z(zli> —3<Zi> } +2qi11, (4)
ij Tij i

Tij i Tij
with
6\ 1/6 33
g; + 0 g;0;
— — e Sy
(le—<—2'L> . Eij—2\/€i€j 6 6> (5)

i J
where o; and ¢; are the usual LJ size and energy parameters
for atom i, rij is the distance between atoms i and j, and g;
and g; are their partial electrical charges. In the present study,
the potential energy function E,,; for the nonbonded interac-
tions was cut off at an interatomic distance of 11 A. This was
based on our previous molecular simulations of the diffusion
and sorption of various gases in other nanoporous materials
[37,38]. In those studies we used the Ewald summation tech-
nique [37] and the multipole expansion method [38,39] in
order to account for the Coulombic interactions. Our studies
[37,38] indicated that a relatively large cut off distance for
computing the contributions of the Coulombic interactions
yields reasonably accurate results, while being much simpler
than either of the other two methods. Table I lists the force
field parameters of CO, and CH, used in the simulations.
We are not aware of any classical force fields that have
been designed for a polymer composite of the type that we
are considering in the present paper. If the radius of a
SWCNT is large, its properties must be closely related to
carbons in graphite, which have sp? valence orbital hybrid-
ization. Quantum mechanical studies [40] indicate that as the
radius decreases, the curvature structure of a nanotube
changes valence orbital hybridization and the effective bond
order. This leads to hybridization which is close to sp3,
which influences the dynamic fluctuations of the SWCNTs
out of their smooth cylindrical structure at zero temperature.
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TABLE 1. Values of the PC force field for CH, and CO,.

CH, CO,
C H C-H C 0 C-=0

o (A) 4.010 2.995 4.010 3.530

€ (kcal/mol) 0.054 0.020 0.064 0.060

g (electron) -0.0530 0.01325 0.120 -0.06

Iy (A) 1.101 1.160

Consequently, the potential interaction between gas mol-
ecules and the SWCNTs may also be affected. Therefore, it
is reasonable to expect that adsorption and diffusion of gas
molecules inside SWCNTs may also be affected by the
change in hybridization. Indeed, this has been found to be
the case by Mao et al. [16] and others [29,41]. These groups
used a variety of classical force fields based on the Brenner
potential and its extensions [42]. One may also develop a
classical force field for SWCNTs by interpolating between
sp® and sp® values, using the data for sp® and sp® carbons
provided by the self-consistent force field [43].

However, the above results were obtained for diffusion
and adsorption inside SWCNTs. Our preliminary simulations
for the MM PEI structure with SWCNTs indicated that, re-
gardless of the force field used, the gas molecules hardly
ever pass through the nanotubes. Instead, as described below,
the main effect of the nanotubes on the composite polymers
is inducing large fluctuations in their accessible free volumes
and increasing them, which, in turn, affects diffusion and
sorption of gas molecules in the composite polymers. Given
that (a) the nanotubes are also composed of carbon atoms
and that (b) the PC force field is supposed to be able to
represent a variety of polymers and carboneous materials, we
used the PC force field to also generate the atomistic models
of MM PEI composites. While a more detailed force field
would be desirable using, for example, the technique of Ref.
[43], we do not believe that such a force field would change
the essence of the results that are presented below.

We also point out that the partial charges that are listed in
Table I are smaller than those reported previously in the lit-
erature and that the carbon van der Waals radius listed in
Table I is about 20% larger than what has been reported
previously [10-13,44-47]. The reason for the difference is as
follows. According to Egs. (4) and (5), a 6-9 LJ potential, as
opposed to the classical 6-12 LJ potential utilized in previ-
ous studies, is used in the present work. Moreover, the mix-
ing rules, Egs. (5), are different from the usual Lorentz-
Berthelot rules (arithmetic and geometric averages for the
size and energy parameters, respectively) used in most of
previous studies. Since the LJ parameters are typically esti-
mated by using experimental data for some properties of a
material to fit the parameters of a force field which is used in
atomistic simulations, the difference between what is listed
in Table I and the previously reported values is natural. This
is particularly true if we recall that the parameters of the PC
force field represent optimal values, designed to reproduce
reasonably accurately the morphology of the PEI. As such,
they are necessarily not the same as those reported in the

literature, even if we had used the 6-9 LJ potential with the
Lorentz-Berthelot mixing rules.

C. Estimation of the self-diffusivities

As mentioned above, to estimate the self-diffusivities of
CO, and CHy, in the PEI and MM PEI structures, ten mol-
ecules of each gas were added to the simulation cell that
contains the PEI or MM PEI structure, after which energy
minimization, compression, and further relaxation of the sys-
tem were carried out. The self-diffusivities were then esti-
mated from the mean-square displacements of the gas mol-
ecules using the Einstein relation

D=lim 6it<|R(t) -R(0)]. (6)

Here, (-) indicates averages over all gas molecules and over
all possible time origins for the motion of the gas molecules
and R(z) is the Cartesian position vector of a gas molecule at
time 7. The time intervals between the origins were selected
to be 100 fs apart.

D. Accessible free volumes and solubilities

To compute the free-volume distributions of the PEI and
MM PEI structures, MD simulations in the (NPT) ensemble
were carried out in the absence of gas molecules. Twenty
configurations each of the PEI, MMP7, and MMPI12 PEI
structures were taken from the simulation trajectories at ev-
ery 100 fs. The accessible free volumes of the PET and MM
PEI structures were then computed using the following
method based on a hard-sphere probe.

(i) The cubic simulation cell was partitioned into a three-
dimensional mesh of 100 X 100X 100 subcells.

(ii) A probe molecule (hard sphere) of a given diameter
was inserted at the center of each subcell, and the distance to
the nearest atom of the material was computed. If the dis-
tance turned out to be larger than the sum of the van der
Waals radii of the penetrant molecule and the material’s
atom, the subcell was considered as contributing to the ac-
cessible free volume. The cavity size distributions of the PEI
and MMP structures were then computed using a Voronoi
tessellation of the space based on the algorithm of Tanemura
et al. [48]. The vectors connecting (the centers of) the atoms
in the system were perpendicularly bisected and a large num-
ber of intersecting planes were generated. The polyhedra as-
sociated with the atoms were then constructed using the al-
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gorithm. As a Voronoi polyhedron around an atom identifies
its own available space, it can be related to the void volume
of the dense amorphous polymer, which was then used to
study the evolution of the free volume.

The particle insertion method of Widom [49] was used to
estimate the solubility S, of the gases in the PEI and MM
PEI structures. Sy is defined as the gas concentration in a
volume element of the polymer which is in equilibrium with
a given outside reservoir pressure of the same gas. Following
the energy minimization, compression, and MD simulation
procedure described above, 20 PEI and MM PEI configura-
tions at 20 different times, with intervals of 100 fs in be-
tween, were extracted from the MD simulations and used in
the simulations with a test particle. The potential parameters
for the test particle was also taken from the PC force field.
The insertion procedure was then followed by calculating the
interaction energy E of the system, consisting of the test
particle and the polymers. In the (NPT) ensemble the excess
chemical potential w, is computed via

o =—kgTIn So=— kT In(f,V exp(— ElkgDIKVY), (7)

where T is the temperature, kp is Boltzmann’s constant, f,, is
the accessible free-volume fraction, V is the cell’s volume
during the simulations with (V) being its ensemble average,
and (- - -) denotes an ensemble average over all the polymers’
configurations extracted during the MD simulations. The re-
lation between the solubility S, in Eq. (7) and the actual
solubility coefficient S in units of cm® (STP)/(cm? atm) is
given by

1
S=—"—35, 8
50 ®)

with T(y=273.15 K and Py,=1.0 atm.

III. RESULTS

The cell length was about 31 A for the PEI and 33 and
35 A for the MMP7 and MMPI12 structures, respectively.
The density of the materials, after energy minimization, com-
pression, and further relaxation, was about 1.15 g/cm?® for
the MMP7 PEL 1.1 g/ cm? for the MMP12 (we are not aware
of any data for the densities of the MMP7 and MMP12), and
1.27 g/cm? for the PEI structures which is the same as the
experimental value. Given the void space that the SWCNTs
generate in the MM polymers (see below), their densities
appear reasonable, as they are lower than that of PEIL.

A typical morphology of the MM polymer in a simulation
cell is shown in Fig. 2. To understand the morphology better,
we make a rough analogy between the SWCNTs in the PEI
structure, on the one hand, and a polymer near a rigid wall,
on the other hand (the analogy is not exact, because the
nanotubes’ walls are not completely rigid and also have cur-
vature). Then, in analogy with the phenomenon of polymer
depletion near a rigid wall, one may also expect polymer
depletion normal to the long axis of the nanotubes, a phe-
nomenon induced by entropic effects, but also affected by
the flexibility of the nanotubes normal to their long axis.
Figure 2 indicates this effect.
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FIG. 2. (Color online) Calculated radial distribution functions of
PEI and its composites.

The computed radial distribution functions g(r), defined
as the probability of finding atoms at a distance r from an-
other atom compared to the ideal gas distribution, are pre-
sented in Fig. 3. The first sharp peak at 1.3 A is due to the
C-H bonding, while the second sharp peak at 1.4 A is con-
tributed by the C-C bonding in the phenyl rings. Note that,
due to the phenyl groups of the nanotubes, the second peaks
of the radial distribution functions of the composite polymers
are higher than that of PEI. As is well known, the difference
between a liquid state and an amorphous polymer is that
short-range order in polymers is dominated by the fixed bond
lengths associated with the backbone atoms. The radial dis-
tribution functions shown in Fig. 3 indicate clearly the amor-
phous nature of the three polymers—i.e., the complete ab-
sence of long-range order.

The time dependence of the free-volume fractions f, for a
probe of size o0=2.5 A, averaged over 20 configurations
taken from the MD simulation in the (NPT) ensemble, is
shown in Fig. 4. During the MD simulation in the (NPT)
ensemble, fluctuations of f,, were very small. In general, in
glassy polymers such as PEI, the characteristic times are so
long that the accessible free volumes undergo very small
fluctuations. As Fig. 4 indicates, fluctuations of the acces-
sible free volumes in MMP7 and MMP12 are somewhat
larger than those in PEI, which is due to the presence of
nanotubes and the fluctuations that they induce in the free
volume of the polymer chain. These features indicate that the
atomistic models that we have generated for PEI and its
composites should be quite reasonable.

Figure 5 presents the accessible free-volume fractions f,,
calculated based on a hard-sphere probe and plotted as a
function of the probe’s diameter (which is represented by its
LJ size parameter o) for PEI and its composites. We took
into account the effect of the different densities of PEI and its
composites. The values of f,, decrease rapidly with increas-
ing probe diameters. The free-volume fractions are the larg-
est for MMP12, while those of PEI are the smallest. In PEI
and MMP7, the accessible free-volume fractions are less
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FIG. 3. Fluctuations with the time of the accessible free-volume
fractions of PEI and its composites. The probe size is 2.5 A.

than 1% when the probe size is only 3 A. One might then
conclude that the empty volume of the nanotubes contributes
significantly to f,,. However, since the difference between
values of f, for PEI and its composites for the smallest probe
size is somewhat larger than the empty volumes of the (7,0)
and (12,0) nanotubes, we recognize that the increase in f,, in
the two polymer composites relative to PEI is, in fact, due to
a variety of factors. The most important of such factors is the
repulsive interactions between the nanotubes and the poly-
mers’ chain, and the fluctuations that such interactions in-
duce in the polymers’ morphologies. Figure 5 also indicates
that permeation of gas molecules through the polymer com-
posites must be easier than that in PEI, hence already indi-
cating a possible improvement in the separation and trans-
port properties of the composites over pure PEL

As described earlier, the Voronoi tessellation method was
utilized to compute the distributions of the cavity sizes (vol-
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FIG. 4. The distributions of the free-volume fractions of PEI and
its composites, averaged over 20 configurations.
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FIG. 5. Three-dimensional view of the mixed-matrix PEI struc-
ture within the simulation cell.

umes) for the unit cells of the PEI, MMP7, and MMP12
structures, taking all the atoms into account. The resulting
distributions of the cavity sizes (volumes) at three different
times are shown in Fig. 6. The shape of the cavity size dis-
tribution in the PEI structure is somewhat different from
those of its composites, exhibiting distinct “shoulders” that
are not seen in the polymer composites. On the other hand,
there are small numbers of high-volume cavities in the poly-
mer composites that are not seen in the PEI structure. This is
particularly true of MMP12 which has a small, but signifi-
cant, fraction of cavities with volumes larger than 40 A3.
These features are caused by the absence of the nanotubes in
pure PEI and their presence in the polymer composites. The
nanotubes squeeze the PEI matrix, hence making the cavity
size distributions in the composites more sharply peaked. But
they also make it possible to generate a small number of
large cavities in the polymer composites, hence opening the
way for their improved performance as membranes for gas
separation and as composites for other applications. The
squeezing effect may be atributed to the repulsive interaction
between the polymer and the nanotubes, and is also consis-
tent with the depletion of a polymer near a rigid wall de-
scribed above. Consistent with Fig. 4, the cavity size distri-
butions do not vary widely with time. Figure 7 presents the
ensemble-averaged cavity size distributions at long times.
As mentioned earlier, the test particle insertion method
[49] was used to compute the excess chemical potentials of
CH, and CO, in PEI, MMP7, and MMP12 at 300 K and
1 atm. Figure 8 presents the results. Due to their high free-
volume fractions, the excess chemical potentials of the gases
in the composite polymers are lower than those in PEI, with
the excess chemical potentials in MMP12 being the lowest.
In all cases, the excess chemical potentials of CO, in the
materials are lower than those of CH,, presumably due to the
van der Waals energy and Coulombic charges for
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FIG. 6. Time evolution of the cavity volume distributions in PEI and its composites.

CO,, which are larger than those of CH,. The fluctuations in
the excess chemical potentials are clearly correlated with
those of the free-volume fractions shown in Fig. 5.

The computed solubility coefficients are presented in
Table II, where, in the case of PEI, they are also compared
with the experimental data [50]. In the case of PEI, the com-
puted solubility of CO, is about one order of magnitude
larger than the measured value, while the computed CH,
solubility is about a factor of 6 larger the corresponding ex-
perimental measurement. The computed ratio is Sco,/Sch,
=8.0, which should be compred with the measured value of
about 3.7. Note that there are some experimental uncertain-
ties in the experimental values of the solubilities, as Henry’s
law constant, which is derived from fitting experimental
sorption isotherm data to the so-called dual-mode sorption
model [51], is taken as the experimental value of the solu-

bility. Note also that the difference between the computed
and measured solubilities that we are reporting here is about
the same as those reported previously [18,19,29].

There are currently no experimental data for MMP7 and
MMPI12 to compare with our computed values, but as Table
II indicates, the polymer composites have much higher gas
solubilities than PEI If we assume that the difference be-
tween the computed gases solubilities in MMP7 and MMP12
and the true experimental data (if they were available) are of
the same order of magnitude as those for PEI, the results
shown in Table II would still indicate gas solubilities in poly-
mer composites that are larger than those in PEI Since the
permeability K of a gas through a membrane is usually de-
fined in terms of its self-diffusivity and solubility, the higher
solubilities of the gases in the polymer composites indicate
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FIG. 7. The distributions of the cavity volumes in PEI and its
composites, averaged over 20 realizations.

that they may also have higher gas permeabilities. We shall
return to this point shortly.

We now turn to presenting the results for the self-
diffusivities of CO, and CH,. We first note that, in a polymer
composite made of one SWCNT and the PEI structure, one
would expect the accessible free volume for the diffusion of
small gas molecules to be distributed inhomogeneously about
the long axis of the nanotube. In such a material, the diffu-
sion coefficients may vary locally. That is, they will be dif-
ferent if computed for different parts of a polymer compos-
ite. The dependence of the diffusivities on the local free-
volume fraction may then be described by Doolitles’ law
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CO, (triangles) in the three materials.

—) ©)
Tmax — 7

or a modification of it [52], where 7 is the packing fraction
of the material with #,,, being its maximum value, and A
and B are constant. In the present work three SWCNTs have
been inserted at random into the PEI-structure matrix, which
decrease the degree of inhomogeneity about the long axis of
any one of them. Therefore, the effective self-diffusivities

D=A exp(—
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TABLE II. Computed and measured solubilities of CH, and CO,.

PEI MM7 MM12
Co, CH, Co, CH, CO, CH,
S (computed) 9.05 1.12 39.05 20.14 149.6 74.95
S (measured) 0.76 0.21

that we calculate from the slope of the plots of the mean-
square displacements (MSDs) versus time should be reason-
able indicator of the effect of polymer composites’ mor-
phologies on diffusion of small gas molecules through them.

Figures 9 and 10 display, respectively, the ensembles of
the gases’ trajectories in the simulations cells in the PEI and
MMP7 structures, over the length of the simulations. Com-
pared with PEI, the ensemble of the CO, trajectories in the
MMP7 appears in the form of a large and elongated part of
the space which is around the nanotubes, rather than a part of
the space that include the nanotubes themselves. This is
caused by (a) the presence of nanotubes and the squeezing
effect that they have on the polymer’s morphology (see
above) and (b) the depletion phenomenon near the nano-

\

CO
PEI

FIG. 9. The ensemble of the trajectories of CO, and CH, in the
PEI structure.

tubes. There are also striking differences between the en-
sembles of the CH, trajectories in PEI and MMP7. The en-
larged sets of trajectories for both gases also indicate that
their effective self-diffusivities in MMP7 (and, hence,
MMP12) must be larger than the corresponding values in
PEI. As discussed below, this is indeed the case.

To better understand the differences between the trajecto-
ries of the two gases in PEI and its composites, we present in
Figs. 11 and 12 the time dependence of the displacements
R(z) of the two gases in PEI and MMP7, respectively. The
fluctuations of R(z) for CO, in MMP7 are larger than those in
pure PEI by a factor of about 2. Equally striking are the
differences between the displacements of CH, in PEI and
MMP7. While displacements of CH, in PEI fluctuate mostly
in a narrow band around 3 A, they vary widely anywhere
between 1 and 9 A in MMP7. The differences are clearly
indicative of the restricted morphology of PEI for diffusion
of the gases.

These features are all consistent with the hopping mecha-
nism which is often invoked to explain diffusion of small gas

FIG. 10. Same as in Fig. 9, but in the MMP7 structure.
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FIG. 11. Time dependence of the displacements of CO, and
CH, from their initial positions in the PEI structure.

molecules in amorphous polymers. According to the hopping
mechanism, the gas molecules oscillate in a cavity until the
“tunnels” between adjacent cavities are opened, which al-
lows them to hop to the neighboring cavities, provided that
they are not already occupied by other gas molecules. The
magnitude of the oscillations and the frequency of the hops
from one cavity to another depend on the polymer’s density
and the flexibility of its morphology. In the MD simulations
the nanotubes were allowed to be deformable, rather than
being rigid structures. Therefore, fluctuations in the deform-
ing nanotubes give rise to increased fluctuations in the PEI
chain, hence leading to more frequent hops or jumps of the
gas molecules between the cavities. Such fluctuations then
explain the larger oscillations and the jump frequencies of
the gases in MMP7 (and still larger in MMP12) than those in
PEL

Figures 13 and 14 present the time dependence of the
MSDs of the two gases in PEIL In the Fickian regime of
diffusion, a plot of log(MSD) versus log(z) must be linear
with a slope of 1. Figures 13 and 14 also present such plots,
and in both cases the slopes are =1. Moreover, in both cases,
the diffusion of the gases reaches the Fickian regime rela-
tively quickly.

The computed self-diffusivities of the two gases in PEI
are listed in Table III, along with the experimental data. The
computed self-diffusivity of CH, is within a factor of 6 of
the measured value. As for CO,, the reported measured self-

PHYSICAL REVIEW E 76, 011810 (2007)

co,
MMP7
6
£
o
5 4
E
(5]
Q
3]
a
L
o 249
0 T T T T T T T
s 500 1000 1500 2000
Time (ps)
10
CH
MMP7
8
3
£ 64
: |
: N
(] "
£ I i
8 41
@
a
0
a) ‘ ‘
2]
0

T T T
0 500 1000 1500 2000

Time (ps)
FIG. 12. Same as in Fig. 11, but in the MMP?7 structure.

diffusivity of CO, in PEI varies by as much as one order of
magnitude, ranging (all in cm?/s) from 11.4X 107 [50] to
7.5%107° [51] and 1.3 X 107 [53]. Therefore, the computed
self-diffusivity of CO,, 5.5X 1072 cm?/s, is just in the
middle of the range of the measured values. Given that the
parameters of the PC force field have been optimized for
accurate representation of the morphology of a class poly-
mers, but not for the transport properties of the gases in
them, the agreement between the computed and measured
diffusivities of the gases in the PEI is reasonable.

We note one possible qualitative difference between the
computed and measured self-diffusivities of the two gases.
Whereas the computed self-diffusivities indicate that Dco,
<Dcy,» the measured values do not indicate a clear pattern.
The two lower measured self-diffusivities reported in the lit-
erature [51,53] (see above) are consistent with the pattern of
the computed diffusivities, but the highest reported measured
self-diffusivity of CO, indicates the opposite pattern:
namely, that Dco,> Dcp,- This calls for more accurate mea-
surements of the diffusivities in PEL.

As mentioned earlier, we also estimated the self-
diffusivities of the two gases in PEI using the (NPT) en-
semble. This means that during the MD simulation of the
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FIG. 13. Time dependence of the MSDs of CO, in the PEI structure (left) and its logarithmic plot (right), computed using the (NPT)

ensemble.

diffusion process the polymer can expand and attain a lower
density. Indeed, the density of PEI, which was initially fixed
at its experimental value of 1.27 g/ cm?, decreased to, and
settled at, 1.19 g/ cm? after some time, when we carried out
the simulations with the (NPT) ensemble. Figure 15 presents
the resulting MSDs for the two gases obtained with the
(NPT) ensemble. They result in self-diffusivities that are
larger than those reported above, obtained with the (NVT)
ensemble which holds the volume (and, therefore, the den-
sity) of the polymer fixed during the simulations. Such self-
diffusivities also indicate that Dco,> Dcp,- One might argue
that in an actual experiment in which CO, or CH, diffuses in
a polymer, the volume of the polymer may increase (unless it
is somehow prevented from doing so) and, thus, the simula-
tions with the (NPT) ensemble might correspond more
closely with such an experiment. However, practically all
previous MD simulations of the diffusion of gases in various
polymers have been carried out in the (NVT) ensemble.
Moreover, recall that (see above) during the energy minimi-
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zation and MD simulations of the polymer and the gases’
molecules the system is allowed to expand. Thus, we believe
that the simulations in the (NVT) ensemble are appropriate.

Figure 16 present the time dependence of the MSDs of
CO, and CHy in the two polymer composites, obtained with
the (NVT) ensemble. The resulting self-diffusivities are also
listed in Table III. We are aware of no experimental data for
diffusion of the two gases in the two polymer composites. As
Table III indicates, the self-diffusivities of both CO, and
CH, in the polymer composites are larger than those in PEI
In particular, the estimated self-diffusivity of CO, in MMP12
is larger than in PEI by a factor of more than 2, while that of
CH, is larger by a factor of about 7. Note that, consistent
with the computed self-diffusivities of the two gases in PEI,
the ratio Dcy,/Dco, for the polymer composites is greater
than 1. Given the relative accuracy of the gases’ effective
self-diffusivities in PEI, the results for the polymer compos-
ites should also be reasonably accurate.

1.2
CH,
0.8+
=)
(2]
g
o 044
o
-
0.0+
O
T T T
0 1 2 3

Log (time)

FIG. 14. Same as in Fig. 13, but for CH,.
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TABLE III. Computed and measured self-diffusivities of CH, and CO,, obtained with the (NVT)

ensemble. All numbers are in cm?/cs.

PEI MM7 MM12

CO, CH, CO, CH, CO, CH,
D % 10° (computed) 5.5 8.0 7.35 16.27 13.73 57.2
D X 10° (measured) 1.3-11.4 1.13

Recall that, as our simulations indicate, the gases’ solu-
bilities in the polymer composites, even when we take into
account the uncertainties in the computed and measured val-
ues, are higher than those in pure PEI (see Fig. 8 and Table
II). Then, since the permeability K of a gas through a poly-
mer is defined by

K=Ds, (10)
we may conclude that the polymer composites generated
with the carbon nanotubes should have gas permeabilities
that are larger than those in PEI by at least a factor of 2-3,
when we take into account the uncertainties indicated by
Tables II and III. While there are currently no experimental
data to compare with our results for polymer composites to
confirm our contention, we believe that the results do indi-
cate clearly the possibility of designing MM polymeric
membranes, using carbon nanotubes, for gas separation with
much improved permeabilities and separation properties than
pure polymeric membranes.

It should also be pointed out that in a graphene sheet the
conduction and valence bands touch each other at the six
corner points of the first Brillouin zone, filled with electrons
at the Fermi (highest-)energy level [54,55]. Thus, in general,
the sheet behaves as a semimetallic material with a zero band
gap. If a nanotube is infinitely long, its electronic states will
be parallel lines in the Fourier space. The lines are quantized
along the circumference, but continuous along the tube’s
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FIG. 15. Time-dependence of the mean-square displacements of
CO, and CHy in the PEI structure, computed using the (NPT)
ensemble.

axis. A (m,n) nanotube can behave as a metallic material if
m=n, since in this case there are always electronic lines
(states) that cross the corner points of the first Brillouin zone.
If m-n is not a multiple of 3, the electronic states will not
pass through the corner points, in which case the nanotube
acts as a semiconducting material. But if m-n is a multiple of
3, certain electronic states cross the corner points of the first
Brillouin zone, implying that the tube should be semimetallic
[55].

Since we have used zigzag (m,0) SWCNTs, the two
nanotubes have the two distinct types of electronic properties
described above. That is, in the case of the (12,0) nanotube,
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FIG. 16. Time dependence of the MSDs of the two gases in the
polymer composites, computing using the (NVT) ensemble.
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the material is semimetallic, while the (7,0) nanotube should
be semiconducting. Thus, it may be that the differences in
the diffusion properties of the MM7 and MM12 composites
might partly be attributable to the difference between the
electronic properties of the two nanotubes. To check this pos-
sibility more precisely, one must have a more accurate force
field than what we have used in this work. Work in this
direction is in progress.

IV. DISCUSSION

In general, one might expect the simple insertion of
nanotubes in to a polymer to improve the transport properties
of gases through the material, because one might intuitively
expect the gas molecules to pass through the nanotubes
which have smooth potential energy surfaces (provided that
their walls are more or less rigid) that give rise to fast trans-
port. However, attributing higher diffusivities to only pas-
sages through the nanotubes is naive. The phenomenon is, in
fact, far more complex.

First, the nanotubes must have open ends with diameters
that are large enough to accomodate the gas molecules. For
example, in the present study, the MMP12 material can ac-
comodate both CO, and CH,, as does MMP7 but with some-
what more difficulty.

Second, passage through the nanotube can facilitate trans-
port of the gases through the polymer composite only if ei-
ther the tubes themselves form percolating paths through the
polymer or do so jointly with large cavities (which, however,
fluctuate in time). In the present study, we inserted only three
SWCNTs in the polymer, hardly enough to form percolating
paths for gas transport (see Fig. 2).

Third, if the nanotubes are inserted in the polymer matrix
in such a way that the gas molecules can hardly access them
(a percolation effect), then no significant improvement in the
performance of the MM polymer should be expected, unless
the nanotubes can induce creation of larger accessible free
volume fraction in the polymer, which is the case here.

The fourth, and perhaps most important, aspect of this
phenomenon is that the gas molecules may become essen-
tially trapped in the cavities dispersed in the polymer matrix
that originate from entanglement of a polymer chain for pe-
riods of time that can be quite long (see Figs. 11 and 12).
Therefore, improvement in the performance of the polymer
matrix for gas transport depends (in addition to the poly-
mer’s density and morphology) on how much the nanotubes
can squeeze the polymer matrix to induce fluctuations in its
morphology, leading to the creation of large cavities
(see above).

It is well known that the transport and solubility of small-
size gas molecules are significantly affected by the free-
volume distribution in amorphous polymers. It is, of course,
of great interest to correlate the free volumes with the self-
diffusivities and solubilities. There have been many efforts in

PHYSICAL REVIEW E 76, 011810 (2007)

the past to determine the free-volume distributions by experi-
mental techniques, such as positron annihilation lifetime
spectroscopy (PALS) and photochromic and spin probe
methods. In particular, PALS has emerged as a powerful
technique, since it provides one with direct and detailed in-
formation on the free volume. For example, Hofmann et al.
[56] compared the results of molecular simulations with
the PALS  measurements of highly permeable
poly(1-(trimethylsilyl)-1-propyne) and moderately perme-
able polystyrene derivatives, while Nagel er al. [57] made
the same comparison for polyimide. Dong and Jacob [58]
investigated the effect of molecular orientation on the free
volume of polyethylene using the Voronoi tessellation tech-
nique described above, while Dammert et al. [59] studied the
relation between the tacticity and free volume of polystyrene
by PALS and Voronoi tessellation. It would be of great inter-
est to prepare polymer composites of the type modeled in the
present paper and measure the self-diffusivities and solubili-
ties of gases in them in order to confirm the results of the
MD simulations reported here.

V. SUMMARY

Atomistic simulations were used to generate models of
amorphous polyetherimide and mixed-matrix PEI by insert-
ing carbon nanotubes into a pure polymer. The self-
diffusivities of CO, and CH, in PEI and its mixed-matrix
composites at 300 K were estimated using molecular dynam-
ics simulations. In the presence of nanotubes and their repul-
sive interactions with PEI, there are larger fluctuations in the
free-volume distributions of the composites. This is partly
reflected in the distributions of the cavity sizes in the PEI,
when carbon nanotubes are inserted into it, which take on
sharply peaked shapes, but with a few large cavities created
in the polymer. As a result, the self-diffusivities of the gases
in the mixed-matrix polymers are higher than those in pure
PEL

The solubility coefficients of CO, and CH, in PEI and its
mixed-matrix versions were also computed using molecular
simulations. The polymer composites also have higher gas
solubilities than PEI, hence indicating that a mixed-matrix
polymer that consists of a polymer and carbon nanotubes
will have much improved gas permeabilities and separation
properties for gaseous mixtures than the original polymer
itself.

Clearly, more extensive simulations are needed in order to
draw more quantitative conclusions. In particular, one should
systematically change the number of nanotubes and also use
chiral nanotubes, as opposed to the zigzag ones used in the
present study, in order to study their effects. The use of a
more accurate force field for representing the nanotubes
would also be desirable, as would a study of the diffusion of
gases of various sizes in composites. Work on these aspects
is in progress.

We note, however, that a recent theoretical study by Hill
[60] also indicated that the gases’ permeabilities and diffu-
sivities in composite polymeric membranes should be larger
than those in a pure polymer. Hill attributed this effect, as we
do, to the replusive interactions between the polymer and the
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inserted particles. Thus, we believe that the qualitative as-
pects of our results will remain unchanged, even if more
acurate force fields are used. But this assertion remains to be
confirmed.
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