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ABSTRACT: Fluorinated polyimides are interesting polymer materials for gas separation applications
because of their goodmechanical, thermal, and transport properties.We have performedmolecular dynamics
simulations (MD) of CO2 sorption and desorption in three fluorinated polyimides: 6FDA-6FpDA, 6FDA-
6FmDA, and 6FDA-DAM. These polyimides are known to vary significantly in their gas permeation
properties. A stepwise procedure was used to insert CO2 molecules into the previously prepared polymer
matrices in order to mimick the experimental procedure of progressive loading and to avoid the necessity of
preswelling the samples. An iterative technique was then used to estimate the vapor pressure of CO2 that
would have to be applied in order to obtain the imposed uptake. The resulting sorption isotherms are found to
be in relatively good agreement with their respective experimental curves, and the trend in solubility was
reproduced (6FDA-DAM>6FDA-6FpDA>6FDA-6FmDA). Desorption isotherms were also calculated
starting from systems corresponding to an applied pressure of 60 bar. Hysteresis was evident even upon
immediate unloading. Changes in volume, void space, potential energies, etc., have been characterized and
compared to experimental data and to theories of gas sorption and plasticization in glassy polymers.

1. Introduction

Carbon dioxide (CO2) separation has become a challenging
task inmany industries. It is generally accepted that the increased
emission of CO2 to the atmosphere is an important reason for
global warming.1 There are different techniques to separate CO2

from gas mixtures such as physical adsorption,2-8 chemical
adsorption,6,9-16 low-temperature distillation,17,18 and mem-
brane separation.19-28 The latter technique made the transition
from the laboratory to commercial ventures in the early 1980s.
Indeed, some dense glassy polymers have interesting features
such as a fairly low cost, easy installation, high selectivities for
specific permeants, and a high solubility for CO2.

29

The most basic requirements for polymer membranes to
efficiently transport gas molecules are high permeation rates
(or productivities) and selectivities (or separation efficiencies).
Permeability P is the rate of transport for the penetrant through
themembrane defined as the product of its solubility coefficientS
and its diffusion coefficient D (eq 1):

P ¼ SD ð1Þ
In eq 1, S is a thermodynamic parameter which can be obtained
from the sorption isotherm (ifC is the penetrant concentration and
p is the partial pressure, then S = C/p). D is a kinetic parameter
determinedby chainpacking and themobility of the polymer chain
segments as well as by the size and shape of the penetrant
molecules. When applied to a gas mixture, the selectivity of the
polymer membrane for gas A over gas B, RA/B (also called
permselectivity), is the ratio of their pure gas permeabilities (eq 2):

RA=B ¼ PA

PB
¼ DA

DB

� �
SA

SB

� �
ð2Þ

An important property of nonporous dense membranes is
that permeants of similar sizes and diffusion coefficients can be
separated if their solubilities differ to a large extent. This is
especially important for CO2 separation applications as carbon
dioxide exhibits much higher solubilities in dense polymers than
other light gases.30,31

The transport of gases through polymer membranes can
generally be described by a solution-diffusion mechanism.32-36

Transport occurs when gas molecules in an upstream compart-
ment enter the polymer matrix, diffuse across it, and finally
desorb on a downstream gas compartment.37 However, it is
well-known that CO2 transport in glassy polymers often results
in plasticization effects and that the performance of the
membrane can be significantly altered. For example, in CO2/
CH4 gas separations, the polymer swells upon sorption of CO2

accelerating the permeation of CH4 and decreasing the perms-
electivity.38

Fluorinated polyimides are interesting polymer materials for
gas separation applications because of their good mechanical,
thermal, and transport properties.39-58 They also exhibit an
acceptable resistance toplasticization.41,42,59 In the present paper,
we perform molecular dynamics (MD) simulations of CO2

sorption and desorption in three fluorinated polyimides in order
to characterize CO2 solubility and plasticizing effects as a function
of the polymer structure. The three polyimides under study are
(a) poly{4,40-(2,2,2-trifluoro-1-(trifluoromethyl)ethane-1,1-diyl)dia-
niline}-alt-{5,50-(2,2,2-trifluoro-1-(trifluoromethyl)ethane-1,1-
diyl)bis(isobenzofuran-1,3-dione)} (referred to hereafter as 6FDA-
6FpDA), (b) poly({3,30-(2,2,2-trifluoro-1-(trifluoromethyl)eth-
ane-1,1-diyl)dianiline}-alt-{5,50-(2,2,2-trifluoro-1-(trifluoromethyl)-
ethane-1,1-diyl)bis(isobenzofuran-1,3-dione)}) (6FDA-6FmDA),
and (c) poly((2,4,6-trimethyl-m-phenylenediamine)-alt-{5,50-(2,
2,2-trifluoro-1-(trifluoromethyl)ethane-1,1-diyl) bis(isobenzo-
furan-1,3-dione)}) (6FDA-DAM). Their chemical formulas
are shown in Figure 1.*Corresponding author.
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Note that 6FpDA is also sometimes referred to asBAAF,39,60-63

6FAP,64,65 4APF,66 or BAHF,67 that DAM can be called
TrMPD68-71 and 3MPDA,55 and that 6FmDA corresponds
to 3APF.72 We have reported the results of a study of these
three polyimides in the pure state in a recent paper,73 and they
are known to significantly vary in their CO2 permeation proper-
ties.40-45,48,50,52,59,62,63,74-76 It is worth noting that MD simula-
tions of CO2 transport in some of these systems have already been
reported, but they were either restricted to very short simulation
times77,78 (60 ps) or used low-density approaches to create the
models,62,79 i.e., methods which are known to lead to a bias in the
chain conformations.80 Some of these simulations even used a
simple spherical representation for CO2. However, we are not
aware of any full sorption isotherms and CO2-induced volume
swelling studied by MD simulations for these three fluorinated
polyimides. Aswill be shown here, this requires a large number of
simulation boxes with different CO2 concentrations, which
makes this work much more extensive than the aforementioned
studies. An iterative technique81 is then used to estimate the
pressure of CO2 that would have to be applied in order to obtain
the imposed uptake.Wenote that the same iterative approach has
recently been coupled to a novel particle deletion approach to
estimating excess chemical potentials by Spyrionu et al. in order
to determine the sorption of carbon dioxide in atactic polystyr-
ene.82 A related, but noniterative, approach has also been used to
obtain the uptake curve of carbon dioxide in atactic polystyr-
ene.83 In this latter approach the pressure-dependent excess
chemical potential in the condensed phase is estimated from the
value obtained via test particle insertion at the reference pressure
and a first-order Taylor series expansion involving an estimate of
the partial molar volume from fluctuations in the volume at the
reference pressure. The pressure in the corresponding gas phase is
then obtained via a simulation in the pseudogrand canonical
ensemble.

In contrast to the situation regarding simulation studies, quite
a few experimental investigations have been dedicated to study
CO2 transport and the subsequent plasticization effects in these
three polyimides. Coleman et al.40-42 investigated the effect of
high-pressure CO2 exposure on permeability in 6FDA-6FpDA
and 6FDA-6FmDA. Costello and Koros84 reported the temp-
erature dependence of gas transport in the same polymers and
gave dual-mode sorption parameters for CO2. Singh-Ghosal
and Koros85 investigated mobility selectivity for 6FDA-6FpDA

and 6FDA-6FmDA. Wang et al.48 reported diffusivity, solubility
and permeability for various gases in 6FDA-6FpDA. Fuhrman
et al.44 explained the thermal hysteresis of gas transport in 6FDA-
6FpDA and 6FDA-6FmDA in terms of sub-Tg and Tg motions.
Kim et al.47,50-52 studied the effects of CO2 exposure, physical
aging, and chemical cross-linking on the gas separation abilities of
both 6FDA-6FpDA and 6FDA-DAM.Recio et al.43 reported the
effect of the solvent used for the preparation of 6FDA-6FpDA
membranes on the transport properties. Various other studies on
CO2 transport and plasticization effects also include these poly-
mers or closely related structures.38,45,55-58,60,63,64,74-76,86-95 Con-
sequently, there is a lot of available experimental evidence to
confront to the MD simulations.

Details of the MD simulations are given in section 2. They
include the polymer models and the sample generation proce-
dure, the choice of the CO2 model, the addition of CO2 into the
preprepared polymer matrices, and its subsequent removal. The
results obtained for the pure CO2 vapor are given in section 3. In
section 4, the results of the CO2 uptake simulations into the
polyimides are presented and discussed. Finally, the results of
the CO2 unloading simulations are presented and discussed in
section 5.

2. Methods and Models

2.1. Iterative Method for Obtaining Sorption Isotherms. Our
main aim in this work is to determine the full sorption isotherm
of CO2 in the model polyimides, i.e., the amount of CO2

dissolved in the polymer as a function of the applied external
pressure of carbon dioxide gas. In the laboratory this is a fairly
routine experiment to perform by placing a polymer film in
contact with the gas at a controlled pressure and measuring the
mass change. Although this direct approach has also been
mimicked in model systems,96-101 it poses serious problems
with respect to the creation of realistic membrane models and
the time and length scales of the MD simulations. In effect, to
have a sufficient amount of bulk polymer material at the center
of the membrane implies a large membrane width (large system
size), i.e., small surface area to volume ratio, but this inevitably
leads to long simulation times as the attainment of equilibrium
between the amount of gas in the gas phase and the amount of
gas in the polymer phase is limited by the rate of diffusion of the
gas in the polymer phase. In the case of CO2 these diffusion rates
are known from experiment to be too slow to reach equilibrium
in a reasonable simulation time. An alternative approach is to
first create models of the relaxed bulk polymers using standard
3D periodic boundary conditions. Such models have the advan-
tage in that they do not contain any external surfaces, and as
such, they are purely bulk models. The disadvantage of these
fully 3D periodic models is that the number of gas molecules in
the polymer system and the pressure become independent vari-
ables; i.e., we can insert as much gas as we want and set the
pressure to any value. However, a fairly simple iterative techni-
que81 can be used to find the external pressure of the gas
corresponding to the number of gas molecules in the system,
and thus sorption isotherms can be calculated. The method is
based on the fact that at equilibrium the chemical potential of
the gas in the polymer phase, μp, and the gas in the gas phase, μg,
are equal. Thus, for a polymer containing a fixed number of
penetrant gas molecules, an NPT simulation, i.e., one in which
the number of particles is fixed and pressure is controlled, is first
made at some initial guess pressure, P1. The resulting chemical
potential of the gas in the polymer phase evaluated from this
first simulation, μp(P1), can then be used to obtain a second
estimate of the pressure, P2, from the (precalculated) chemical
potential of the gas in the gas phase as a function of pressure, i.e.,
by finding the pressure in the gas phase where μg(P2) = μp(P1).
A secondNPT simulation of the gas in the polymer phase is then
carried out at an applied pressure of P2. This in turn gives a

Figure 1. Chemical structures of (a) 6FDA-6FpDA, (b) 6FDA-6Fm-
DA, and (c) 6FDA-DAM polyimides.
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μp(P2) which can again be used to obtain a third estimate μg(P3)=
μp(P2), and so on. In general, the method converges rapidly as
dense polymer matrices are relatively incompressible so modest
changes in pressure do not provoke much change in density and
hence chemical potential.

In practice, chemical potentials are never actually calculated
as certain simplifications can be made. In the case of a rigid gas
molecule, as we will use for CO2, the internal partition function
is not dependent on the surrounding solvent so the equality of
the chemical potential can be shown to be equivalent to the
following condition102,103

Δμex ¼ μpex -μgex ¼ kT ln
Fg

Fp
ð3Þ

which relates the difference in excess (with respect to the ideal
gas) chemical potentials of the permeant in the two phases to
their different densities in the two phases. A convenient statis-
tical mechanical approximation for the excess chemical poten-
tial in the NPT ensemble is given by the following equation104

μex ¼ -kT ln

V exp
-ΔΦ

kT

� �� �
ÆVæ

ð4Þ

where ΔΦ is the energy of interaction resulting from the virtual
introduction of an extra test particle into an equilibrium dis-
tribution of the system in question and V is the volume of the
system. Details of the specific test particle insertionmethod that
has been used here and checks on its reliability are given below.
In practice, then μex

g and Fg have first to be calculated as a
function of pressure for the pure gas system at the temperature
required. μex

p can then be calculated at a certain mass fraction of
CO2 in the polymer from a simulation conducted at the initial
guess pressure, P1. The quantities μex

p (P1) - μex
g (P) and kT

ln[Fg(P)/Fp(P1)] can then be plotted separately as a function of
pressure, and the point of intersection of the two curves gives the
second approximation,P2. A further simulation of the gas in the
polymer has then to be conducted at P2, and the procedure
iterated to convergence.

We note also that the relationship between the excess chemi-
cal potentials and the solubilities then follows directly from eq 3

Fg

Fp
¼ exp

Δμex
kT

� �
¼

exp
-μgex
kT

� �

exp
-μpex
kT

� � ¼ Sg

Sp
ð5Þ

thus we can define a scale of (dimensionless) solubility using

S ¼ exp -
μex
kT

� �
¼ exp

kT ln

V exp
-ΔΦ

kT

� �� �
ÆVæ

kT

0
BBBBBBB@

1
CCCCCCCA

¼

V exp
-ΔΦ

kT

� �� �
ÆVæ

ð6Þ

where a solubility of 1 corresponds to that of an ideal gas. In
systems where volume fluctuations are relatively minor, e.g.,
dense polymers, the approximation S ≈ Æexp(-ΔΦ/kT)æ holds
quite well.

2.2. MD Simulations. All MD simulations were performed
using the scalar and parallel versions of the general purpose gmq

program.105 The parameters for the models of the polyimides
were taken from the TRIPOS 5.2 force field.106 The partial
charges, qi, on the atomswere calculated usingGaussian 03,107 at
the B3LYP/6-31G** level, on representative three- or five-
fragment structures of the polyimides under study. For CO2

the interaction parameters, including partial charges, were
taken from optimized values reported by Zhang and Duan.108

This is a rigid three-center model with a C-O bond length of
1.163 Å, a partial charge on the carbon atom of qC = 0.5888e
(and neutralizing charges on the oxygens of qO = -qC/2), and
Lennard-Jones 12-6 interaction sites situated at the carbon and
oxygen centers with σC-C = 2.7918 Å, εC-C/kB = 28.845 K,
σO-O = 3.0 Å, and εO-O/kB = 82.656 K.

The equations of motion were integrated using a 1 fs integra-
tion time step. The SHAKE algorithm109 was used to constrain
all bond lengths. In addition to simple bond constraints, a
special vector constraint was used to keep the bond angle of
CO2 (O-C-O) fixed at 180�.110 The CO2 molecule is thus
completely rigid and just has five degrees of freedom: three
translations and two rotations. We think that it is important to
point out that, without the bond angle constraint, the (flexible
angle) model would acquire two extra degrees of freedom: an
angle bend and a rotation around the long O-C-O axis. This
latter degree of freedom has a vanishingly small moment of
inertia associated with it and thus couples very poorly to the
other degrees of freedom. This leads almost inevitably to a
nonequipartition of kinetic energy in a classicalMD simulation.
Although this point has been known about for over 25 years, it
has tended to be forgotten in recent times.111-113

The loose-coupling procedure was used to maintain the
temperature and pressure close to the required values.114,115 A
loose coupling relaxation time of 0.1 ps was used for the
temperature and 5 ps for the pressure. The Ewald summation
method116 was used to calculate the electrostatic interactions. In
all cases the three parameters controlling the convergence of the
Ewald sum:Rc, the real space cutoff,Kmax, themaximum integer
defining the range of the reciprocal space sum, and R, the
separation parameter, were optimized in order to give an agree-
ment of less than 1 bar between the direct and indirect calcula-
tions of the Fourier space contribution to the pressure.105,117

The Lennard-Jones 12-6 form was used to represent all the
van derWaals interactions with the Lorentz-Berthelot combin-
ing rule for unlike atom types: σAB = (σAA þ σBB)/2 and εAB =
(εAAεBB)

1/2. The same real space truncation radius was used as
optimized for the real space part of the Ewald sum. In all cases
Rc exceeded 10 Å. Standard long-range corrections were made
systematically to the Lennard-Jones 12-6 potential contribu-
tions to the energy and pressure by assuming that the radial
distribution functions were unity for distances greater than Rc.

2.3. Pure Polyimides. Most details of the preparation of the
relaxed models of the pure polymers have already been reported
elsewhere73 so only a brief outline will be presented here. The
hybrid pivot Monte Carlo-molecular dynamics (PMC-MD)
single-chain sampling technique was used to generate the initial
conformations of the different types of polymer chains at
temperatures just above their respective glass transition (Tg),
i.e., 700 K for 6FDA-6FpDA and 6FDA-DAM and 600 K for
6FDA-6FmDA. Each chain contained 50 repeat units. Two
different sizes of polymermatrices, 3-chain (∼10 000 atoms) and
6-chain (∼20 000 atoms), were prepared for each type of poly-
mer by inserting the required number of independently gener-
ated chains into a periodic MD box of a size corresponding to
the experimental density at 298 K. Excluded volume was then
introduced gradually. The simulation boxes with the complete
potential switched on were then allowed to relax under NVT
(constant number of atoms, constant volume, and controlled
temperature) conditions for 500 ps and then cooled down to
298 K at the rate of 1 K/ps. After a short NVT relaxation at
298 K the simulation boxes were allowed to relax under NPT
(constant number of atoms, controlled pressure, and
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temperature) conditions for 3 ns. These relaxed samples at 298K
were the subject of a precedent article.73 The relaxed densities of
the three model polymers were in good agreement with the
available experimental data. Their X-ray diffractograms, frac-
tional free volumes, and Hildebrand solubility parameters were
also calculated and validated against available experimental
results. In addition, the intermolecular and intramolecular
interactions and void space distributions were analyzed.

In general, experimental sorption studies of carbon dioxide in
polymers are performed above the critical temperature of CO2

(∼304 K). For this reason the configurations at the end of the
MD simulations at 298 K were first heated to 308 K, at the rate
of 1 K/ps, and then the simulations were continued under NPT
conditions for a further 4 ns. The resulting relaxed samples at
308 K were then used as the starting points for all subsequent
sorption studies.

2.4. Pure Carbon Dioxide. The optimized all-atom potential
parameters reported by Zhang and Duan108 were used to
simulate CO2. This potential is reported to reproduce the
liquid-vapor coexistence properties of carbon dioxide over a
wide range of temperatures and pressures and predicts a critical
temperature in good agreement with the experimental value of
304K.As explained above, in this work it is required to know for
this model of CO2 the equilibrium pressure, density, and excess
chemical potential of the vapor along the 308K isotherm. This is
effectively the vapor phase which we consider to be in equilib-
rium with the gas sorbed in the polymers. MD simulations on
systems of 512 molecules were carried out for 4 ns under NVT
conditions using volumes determined by interpolation from the
experimental data of Span andWagner.118 The last 3 ns of these
simulations was used to obtain the corresponding average
properties including the pressure.

2.5. Carbon Dioxide Uptake into Polyimides. The calculation
of the sorption isotherms were started from the pure polyimide
matrices at 308 K, and as a first guess, the equilibrium pressures
were set to 1 bar. Random insertion of CO2 molecules into
systems containing the polyimides can lead to large overlaps and
even ring spearings. In order to avoid this, equilibrated dense
systems of CO2, at densities of ∼1000 kg m-3, were prepared in
boxes of the same size as the polyimide-containing simulation
boxes; these could be either pure polyimide systems or systems
already containing both polyimide and CO2. The CO2 and the
polyimide-containing simulation boxes were superimposed, and
the desired numbers of CO2 molecules were inserted into the
polyimide-containing systems from those that overlapped the
least. After the insertion of CO2, a few steps of energy mini-
mization was required to remove the remaining small overlaps.
The systems were then relaxed under NVT conditions for 50 ps
before being switched toNPTconditions for the production run.
Most simulations were initially run for 4000 ps under NPT
conditions, at the initial guess pressure of 1 bar, of which the
final 3000 ps was used to calculate the averages including the
excess chemical potential. Root-mean-square displacements of
the carbon dioxide molecules were systematically monitored,
and these were typically in excess of 20 Å in a period of 4 ns. This
is more than sufficient to decorrelate their positions with respect
to the initial insertions and thusminimize any artifacts due to the
choice of insertion procedure.

An estimation of the pressure of CO2 vapor that has to be
applied to obtain the imposed uptake was then obtained using
the technique described in section 2.1. If this pressure exceeded
10 bar, i.e., sufficiently different in MD terms from the initial
pressure, then this pressure was applied in a second NPT
simulation of 3 ns, starting from the end of the first production
run. The average excess chemical potential from this second run
was then used to check for convergence of the iterative method.
Within errors the left- and right-hand sides of eq 3 were the same
for all these systems after just one iteration. In effect, the first
estimate of the equilibrium vapor pressure obtained from the
simulations at 1 bar was already quite reasonable.

To mimick the experimental approach, and to avoid the
necessity of preswelling the polyimide containing systems,
CO2 loading was carried out in a progressive way. Pure poly-
imide samples were initially loaded with an amount of CO2

corresponding to ∼1% of the mass of the pure polyimide
systems; in the ∼10 000-atom systems, this corresponds to 25
molecules in the case of 6FDA-6FpDAand 6FDA-6FmDAand
19 molecules in the case of 6FDA-DAM. To obtain higher
loadings, copies of configurations at the preceding loading were
made after 500 ps of the corresponding NPT simulation, a time
sufficient to allow for most of the volume swelling to occur.
These copies were then used to start off simulations at higher
loadings by adding a further ∼2 mass % of CO2, i.e., 50
molecules in the case of 6FDA-6FpDA and 6FDA-6FmDA
and 38 molecules in the case of 6FDA-DAM for the ∼10 000-
atom systems. This procedure of adding 2 mass % was con-
tinued up until 25% of CO2 had been added. Note that the
simulations at 9% and 13% of CO2 were not systematically
extended for all systems beyond the 500 ps necessary to relax the
systems for the next addition of 2%. Given the relatively small
changes in pressure in this region the simulations at 9% and
13% were considered superfluous. Results for each type of
polyimide were averaged over three independent systems.

2.6. CarbonDioxide Unloading fromPolyimides.As hysteresis
has been seen when performing desorption experiments after
conditioning samples,41,42,44,45,84 it was considered interesting to
obtain the unloading curves from the model systems. In real
experiments the applied vapor pressure of CO2 is the controlled
variable, and data exist for desorption curves starting from
systems held at 60 bar.41 For the 6FDA-DAM systems further
loading, in 2% increments, up to∼31% was first required so as
to attain a pressure of∼60 bar. The number of CO2molecules in
the samples was then adjusted, on the basis of the sorption
curves, in order to have an amount that corresponded to a
pressure of ∼60 bar. In terms of the mass of the pure polyimide
systems, this was about 24.3%, 23.1%, and 31.1% of CO2 for
6FDA-6FpDA, 6FDA-6FmDA, and 6FDA-DAM, respec-
tively. As for the insertions, removal of CO2 was also done in
a progresive stepwise procedure. As for the loading curves,
copies of the configurations obtained after 500 ps of NPT
simulation were taken, a further 2% of the CO2 was removed,
and the resulting configurations were used as the initial config-
uration at the lower amount. The removal was continued all the
way back down to the pure polymer matrices. Most of these
simulations were carried out for 4 ns with averages obtained
from the last 3 ns. The pressure in these desorption simulations
was set to 1 bar so as to have direct comparisons with the uptake
simulations. Given the results for the uptake curve, the corre-
sponding equilibrium vapor pressures of the gas for the desorp-
tion were mostly obtained from the first estimate. Checks made
on some systems again confirmed that this was in agreement
with the converged values. The results presented are for just one
sample for each type of polyimide.

2.7. Test Particle Insertion Using Excluded Volume Map

Sampling. In this work a test particle insertion (TPI) method
employing a variant of the excluded volume map sampling
(EVMS) approach119,120 was used to calculate the excess che-
mical potentials of CO2 in the pure polymer, polymer plus CO2,
and pure CO2 systems. In the EVMS technique a large amount
of the occupied space is pre-eliminated before particle insertions
are attempted in order to improve the efficiency compared to
purely random insertions. The details of this approach have
been documented elsewhere;105 hence, only a short description is
presented here.

In themethod, theMDbox is first divided up into a number of
subcells on the basis of an input subcell width, dgrid. As the MD
box is not necessarily cubic and the number of subcells in each
direction has to be an integer, the subcells are constructed
internally on the basis of this subcell width. In a second step,
each atom in the system is visited and all subcells that fall
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entirely within a critical radius, wcut, of the atom are mapped
out; i.e., wcut represents the “excluded” volume of an atom.
Particle insertions are then made by randomly choosing one of
the “mapped-in” subcells and then randomly placing and or-
ientating a probemolecule within the chosen subcell. In this way
occupied space can be pre-eliminated while preserving the
advantages of a Monte Carlo sampling of space. The actual
amount of space mapped out depends on the wcut and dgrid
parameters. A finer gridwill pre-eliminatemore space at the cost
of a larger overhead in terms of memory and CPU time required
to set up the map for each configuration. As the EVMSmethod
performs a biased sampling of the space the results have to be
corrected for the bias. This is done by simply assuming that
exp(-ΔΦ/kT) in the mapped-out cells is zero in which case true
averages are approximated by multiplying by the ratio of the
number of mapped-in cells to the total number of cells.

The difficulty with this EVMS method is knowing a priori
what an appropriate value of wcut should be for a particular
system. For this reason different values of wcut have to be first
tested in a mode where trial insertions are made into the
“mapped-out” cells, i.e., those nominally occupied by the
particles present in the system. If the value ofwcut is appropriate,
then insertions into mapped-out cells should always give large
positive (unfavorable) energy changes. However, should a
favorable insertion be made (ΔΦ e 0), then the test has failed
and a smaller value ofwcut has to be tried. In this waywcut can be
optimized, so as to pre-eliminate as much space as possible,
without allowing favorable insertions in the mapped-out sub-
cells. In this work many tests were made and appropriate values
were found to bewcut=2 Å and dgrid=0.5 Å for the case ofCO2

in the polyimides.
At best an EVMS method can improve the efficiency of a

particle insertion approach by a factor of the total volume
divided by the mapped-in volume, e.g., a factor of 20 if 95%
of the space is considered occupied; in practice, the overheads
associated with pre-eliminating 95% of the space are not
negligible. Claims to factors of improvement of EVMS over
conventional particle insertion greater than 20120 should prob-
ably be treated with some skepticism.

In the case of a charge neutral probe molecule, like carbon
dioxide, there is a subtle point to consider concerning the
calculation of the energy difference. In principle, the energy
difference we require is just the interaction of the test particle
with the real particles already present. If theEwald summation is
used to obtain the Coulombic part of this energy difference,
using ΔΦc = Φc(N þ 1) - Φc(N), there is a problem in that
intrinsically the Ewald sum contains contributions from probe
molecule interactions with images of itself and interactions of
real particles with images of the probemolecule. The interaction
energy of the probewith images of itself are removed in our code
by performing the Ewald sumon the probemolecule alone in the
MD box. However, this does not remove interactions of real
particles with images of the probe so the energy difference does
not strictly correspond to that of the interaction of one probe
with an infinite array of real particles. As the probe molecules
are relatively small in size and charge neutral, this term is
probably not of any importance in practice.

Although the EVMS method has been verified against the
standard random insertion approach in the case of the Lennard-
Jones fluid, it was considered prudent to firstmake a check in the
case of carbon dioxide, in particular given the significant partial
charges on the atoms of these molecules. The system chosen to
make the test was pure liquid CO2 at 290 K at a density of
804.722 kg m-3, i.e., close to the liquid-vapor coexistence
curve. This represents a reasonably stiff test of the EVMS
method as although a significant amount of CO2 can be
absorbed by the polymers in question at 308 K, it is unlikely
that the local density of CO2 exceeds that of the pure liquid at
290K. A system of 512molecules of CO2 was, thus, equilibrated
in a cubic MD box at a density of 804.722 kg m-3 at 290 K.

Configurations from an NVT production run of 300 ps were
stored every 1 ps, and these were then used to make the EVMS
particle insertion tests. For the case of pure carbon dioxide at
290 K it was found that a wcut = 2.4 Å could be used. A value of
dgrid = 0.1 Å was also used, and this led to about 77% of the
space being mapped out. With a required density of test particle
insertions of 10 Å-3 this resulted in just over 100 000 test
insertions per configuration. The validation of the EVMS
method was first made by comparing the Boltzmann factor
weighted radial distribution functions accumulated during the
test particle insertions to those obtained from the production
simulation itself. Figure 2 shows the comparison in the case of
carbon-carbon interactions. Although not shown, similar ex-
cellent agreement was obtained for the carbon-oxygen and
oxygen-oxygen interactions.

As a confirmation of the results for the radial distribution
functions, the Boltzmann-weighted average insertion energy of
the CO2 test particle, ÆΔΦ exp(-ΔΦ/kT)æ/Æexp(-ΔΦ/kT)æ =
-17.06( 0.03 kJmol-1 (of CO2), comparedwell to that inferred
from the average total potential intermolecular energy in the
MD simulation, -17.02 ( 0.02 kJ mol-1 (of CO2). It is thus
reasonable to conclude that the EVMS test particle insertion
technique is reliable for CO2.

3. Pure Carbon Dioxide Vapor at 308 K

From theMDsimulations on systems of pureCO2 in the vapor
phase, the excess chemical potential was extracted using the
EVMS test particle insertion method from the configurations
stored over the last 3 ns of the corresponding simulations. The
results obtained are plotted as a function of the average pressure,
obtained from the same simulations, in Figure 3. The excess
chemical potentials calculated directly from test particle inser-
tions were compared with the values obtained from the following

Figure 2. Intermolecular radial distribution functions, g(r), obtained
for actual C 3 3 3C interactions from stored configurations (solid line)
from theMDsimulation of pure liquidCO2 at 290K compared to those
obtained by Boltzmann factor weighting test particle-actual particle
interactions (CTP 3 3 3C) during the EVMS particle insertion tests
(circles) on the same set of configurations.

Figure 3. Excess chemical potential of carbon dioxide in the pure vapor
phase at 308 K. Results for the direct evaluation of the excess chemical
potential using the EVMS test particle insertion method (circles) are
compared to the results obtained using the equation of state approx-
imation given in eq 7 (line).
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equation, based on a knowledge of the equation of state (see
Appendix).

μex ¼ -kT ln
FðP0,TÞ
FigðP0,TÞ
� �

þ 1

N

Z P0

Plow

ðVðP,TÞ-V igðP,TÞÞ dp

ð7Þ
where Fig andVig are the density and volumeof the corresponding
ideal gas. In eq 7, it is assumed that there exists a sufficiently low
pressure, Plow, that the gas behaves in an ideal manner, and thus
the difference in the actual and ideal volumes disappears in the
integral. For the model of CO2 used here, even at the lowest
pressures simulated, there existed some deviations from ideality.
As volume is (roughly) inversely proportional to pressure the
difference in volume at low pressures rapidly become very

significant, thus rendering the use of eq 7 subject to a certain degree
of error.This problemmanifests itself in anoffset of the curve at low
pressures which is obviously present at all higher pressures. Never-
theless, the comparison shown in Figure 3 is reasonably consistent.
For all subsequent calculations involving the excess chemical
potential of the vapor phase we stress that the values obtained
directly from the test particle insertion approach will be used.

4. Carbon Dioxide Uptake into Polyimides

In this section we present and discuss the results of the
simulations described in section 2.5 in which carbon dioxide is
progressively loaded into the three types of polyimides, and the
equilibrium pressure of CO2 corresponding to the imposed
quantity of CO2 is obtained through the iterative technique

Table 1. Average Results of the Sorption Isotherm MD Simulations at 308 K on 6FDA-6FpDA
a

∼% CO2

no. of
CO2

true concn
Vg
STP(P)/V(P)

nominal concn
Vg
STP(P)/V0 P/bar

true solubility
C(P)/P

nominal solubility
C0(P)/P TPI solubility

0 0 0.00 0.00 0 124( 4
1 25 7.52( 0.02 7.51( 0.02 0.08( 0.01 98( 8 98( 8 102( 2
3 76 22.8( 0.1 22.8( 0.04 0.23( 0.06 117( 37 117( 37 77( 2
5 127 38.1 ( 0.1 38.11( 0.06 0.68( 0.03 56( 3 56( 3 56( 3
7 177 52.7( 0.2 53.11( 0.09 1.5 ( 0.1 37( 2 37( 2 37( 2
11 278 81.5( 0.3 83.5( 0.2 5.2( 1.0 17( 4 18( 4 17( 4
15 380 108.4( 0.5 114.1( 0.2 12( 2 9.7( 1.6 10.2 ( 1.7 9.4( 1.9
17 430 120.5( 0.3 129( 0.2 29( 2 4.2( 0.2 4.5( 0.3 4.2( 0.2
19 481 132( 1 144( 0.3 38( 5 3.6( 0.4 3.9( 0.4 3.5( 0.4
21 531 143( 1 159( 0.3 41( 14 4.3 ( 1.2 4.8( 1.3 4.2( 1.2
23 582 154( 1 175( 0.4 41( 9 4.1 ( 0.9 4.7( 1.1 4.2( 1.1
25 633 164( 1 190( 0.4 76( 15 2.3 ( 0.4 2.7( 0.5 2.2( 0.4
aThe averages are taken from three independent systems. The approximatemass percentages of CO2 are given as obtained from the actual number of

molecules inserted into the polymers. The corresponding true and nominal concentrations of gas in the polymer are shown in units of cm3 (STP) cm-3 of
polymer (true or pure polymer volume). The pressure given is that estimated to be the equilibrium external vapour pressure of CO2 which would have to
be applied to give the imposed concentrations of CO2 in the polymer. The true and nominal solubility coefficients are given as well as the solubility
coefficient estimated from the EVMS test particle insertion analysis (eq 10 or 11) in units of cm3 (STP) cm-3 bar-1. Error bars are the standard errors
over the three independent systems.

Table 2. As Table 1 for 6FDA-6FmDA

∼% CO2

no. of
CO2

true concn
Vg
STP(P)/V(P)

nominal concn
Vg
STP(P)/V0 P/bar

true solubility
C(P)/P

nominal solubility
C0(P)/P TPI solubility

0 0 0.00 0.00 0 116( 10
1 25 7.55( 0.01 7.59( 0.02 0.08( 0.01 100( 18 100( 18 101( 11
3 76 22.9( 0.01 23.1( 0.1 0.21( 0.04 120( 30 121( 30 82( 5
5 127 38.2( 0.1 38.5 ( 0.1 0.69( 0.06 56( 5 57( 5 54( 4
7 177 52.9( 0.2 53.7( 0.1 1.39( 0.15 39( 4 39( 4 39( 4
11 278 81.4( 0.2 84.4( 0.2 4.9( 1.1 18.7( 5.1 19.4( 5.2 19( 5
15 380 107.9( 0.3 115.3( 0.2 11.4( 3.2 10.8( 2.4 11.6( 2.6 11( 2
17 430 120.1( 0.3 130.5( 0.3 16.4( 3.1 8.0( 1.8 8.7( 2 8.2( 1.8
19 481 132.0( 0.5 145.9( 0.3 32( 7.5 4.7( 1.3 5.2( 1.5 4.7( 1.0
21 531 143( 1 161.1( 0.3 58( 5.5 2.5( 0.3 2.9( 0.3 2.6( 0.3
23 582 155( 1 176.6( 0.4 59( 2.5 2.6( 0.1 3.0( 0.1 2.5( 0.1
25 633 165 ( 1 192.0( 0.4 100( 0.6 1.65( 0.01 1.92( 0.01 1.7( 0.2

Table 3. As Table 1 for 6FDA-DAM

∼% CO2

no. of
CO2

true concn
Vg
STP(P)/V(P)

nominal concn
Vg
STP(P)/V0 P/bar

true solubility
C(P)/P

nominal solubility
C0(P)/P TPI solubility

0 0 0.00 0.00 0 121( 9
1 19 6.71( 0.02 6.70( 0.03 0.07 ( 0.01 92( 9 92( 9 106( 10
3 57 20.07( 0.06 19.74( 0.08 0.20( 0.05 124( 43 122( 43 81( 3
5 95 33.43( 0.09 33.5( 0.1 0.54( 0.01 62( 1 62 ( 1 64( 4
7 133 46.6( 0.1 46.5( 0.2 0.92( 0.07 51( 4 51( 4 49( 3
11 209 72.4( 0.2 73.7( 0.3 3.0( 0.4 25( 4 25( 3 25( 3
15 285 96.6( 0.3 100.5( 0.4 10.4( 2.4 10.1 ( 1.9 11( 2 10.2( 1.6
17 323 107.7( 0.3 113.9( 0.4 11.8( 1.1 9.3( 1.0 9.8( 1.0 9.5 ( 0.7
19 361 118.3( 0.5 127.3( 0.5 13.8 ( 2.6 9.2( 1.6 9.9( 1.8 9.4( 1.4
21 399 128.8( 0.4 140.7( 0.6 28.9( 4.9 4.7( 0.7 5.2( 0.8 6.7( 1.2
23 437 139.3( 0.2 154.1( 0.6 26.9( 3.1 5.3( 0.7 5.9( 0.7 5.1( 0.1
25 475 149.1( 0.3 167.4( 0.7 40( 5 3.9 ( 0.6 4.3( 0.7 3.6( 0.4
27 513 158.1( 0.5 180.8( 0.7 46( 3 3.5( 0.2 4.0( 0.3 3.6 ( 0.2
29 551 166.0( 0.3 194.2( 0.8 41 ( 5 4.2( 0.6 4.9( 0.7 4.0( 0.6
31 589 175.4( 0.5 207.6( 0.8 57( 11 3.3( 0.5 3.9( 0.6 3.1( 0.3
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described in section 2.1. All results in this section are averaged
over three independent systems for each of the three polyimides.

4.1. Sorption Isotherms. The results obtained using the
iterative method described above for the equilibrium exter-
nal gas pressure corresponding to the numbers of CO2

molecules inserted into the different polymers are shown in
Tables 1, 2, and 3. The true concentrations of gas in the
polymer, C(P), have been expressed as the ratio of the
“volume” of gas absorbed by a certain volume of polymer

CðPÞ ¼ VSTP
p ðPÞ
VðPÞ ¼ npðPÞkBTSTP

VðPÞPSTP
ð8Þ

The volume Vp
STP is the volume that the np(P) molecules of

gas absorbed in the polymer would occupy if the gas were
ideal and at the standard temperature and pressure (TSTP =
273.15 K; PSTP = 1.013 25 bar) conditions, and V(P) is the
true volume of the polymer. However, in order to compare
with the usual experimental practice, the nominal concen-
trations of the gas in the polymer at the different pressures,
C0(P), have also been calculated using the following defini-
tion

C0ðPÞ ¼
VSTP

p ðPÞ
V0

¼ npðPÞkBTSTP

V0PSTP
ð9Þ

where V0 is the corresponding volume of the pure polymer,
i.e., before any gas has been absorbed. In reality, the true
volume of the polymer, V(P), changes as a function of the
applied gas pressure as it absorbs more and more gas, but
most experiments do notmeasure simultaneously the volume
of the polymer and the gas uptake. For completeness, both
the true and nominal concentrations are given in the tables.
From the converged value of the pressure,P, the correspond-
ing true and nominal solubility coefficients can be defined as,
S(P) = C(P)/P and S0(P) = C0(P)/P, respectively. These
values are also given in the tables. Finally, to check the
consistency of the iterative approach, the solubility coeffi-
cient as obtained from the test particle insertion method has
also been calculated, STPI(P). Using eqs 5 and 8, we canwrite

CðPÞ
P

¼ npðPÞkBTSTP

VðPÞPPSTP
¼ FpðPÞkBTSTP

PPSTP

¼ SpðPÞFgðPÞkBTSTP

SgðPÞPPSTP
� STPIðPÞ ð10Þ

thus eliminating the explicit appearance of the concentration
of gas in the polymer from the expression for the solubility
coefficient. In the limit that P tends to zero, the ideal gas law
can be invoked in which case the number density in the gas
phase can be replaced by Fg(P)=P/kBT and the solubility in
the gas phase becomes unity, Sg(P) = 1, so eq 10 becomes

lim
Pf0

STPIðPÞ ¼
SpðPÞ P

kBT
kBT

STP

SgðPÞPPSTP
¼ SpðPÞTSTP

TPSTP

ð11Þ

TPI-derived estimations of the solubility coefficients are also
given in the tables. For all nonzero pressures eq 10 was used,
and estimates at zero pressure were obtained from eq 11.

The results shown in Tables 1-3 demonstrate the robust-
ness of the iterative technique. In general, the equilibrium
pressure is found to increase smoothly with loading, as one
would expect. Slight variations in the average trend result

from statistical noise. The reduction in the difference in the
slopes of the quantities μex

p (P1) - μex
g (P) and kT ln[Fg(P)/

Fp(P1)] at the higher pressures also leads to less precision on
the point of intersection. At the lowest imposed concentra-
tions of gas in the polymers, the equilibrium pressures were
below the ∼0.5 bar lower limit of the explicit simulations of
the pure gas. In these cases linear interpolations have been
used to obtain the excess chemical potential and the density
of the gas phase on the basis that the excess chemical
potential and the density of the gas phase both tend to zero
as the pressure tends to zero.

Figure 4 shows the average sorption isotherms of the three
polyimides in terms of the nominal concentration, C0(P).
The smooth curves plotted through the data are nonlinear
least-squares regression fits to the dual mode sorption
(DMS) model

C0ðPÞ ¼ kDPþCH
0 bP

1þ bP
w S0ðPÞ ¼ C0ðPÞ

P

¼ kD þCH
0 b

1þ bP
ð12Þ

The DMS model is still a popular way of fitting such data
even though careful analyses of experimental data obtained
over increasing pressure ranges show clearly that the “con-
stant” parameters (kD, CH

0 , and b) are not at all constant but
vary systematically with the pressure range used.121 It should
also be noted that recent molecular simulations have shown
that the penetrant uptake curves can be fitted using the form
of eq 12 without any evidence of two different populations of
sorbed species at the molecular level.101

Also shown in Figure 4 are some corresponding experi-
mental data taken from the literature. In general, the experi-
mental data obtained for the greatest range of pressure has
been chosen to make the comparison. In the case of 6FDA-
6FpDA this was the data ofColeman andKoros41whichwas
found to be in good agreement with the data ofWang et al.48

and Hibshman et al.59 For 6FDA-6FmDA, the data were
again taken from the work of Coleman and Koros41 which
was again consistent with later work published by the same
authors.42 For 6FDA-DAM, the only experimental data that
were found at a range of pressures were that ofWind et al.122

H€olck et al. have performed a single sorption measurement
of CO2 in 6FDA-DAM at a pressure of 10 bar and at

Figure 4. Comparison of CO2 sorption isotherms of 6FDA-6FpDA,
6FDA-6FmDA, and 6FDA-DAM at 308 K, as obtained from the
simulations reported here and experimental data taken from the papers
of Coleman and Koros41 (6FDA-6FpDA and 6FDA-6FmDA) and
Wind et al.122 (6FDA-DAM). The nominal concentrations (eq 9) are
plotted as a function of the partial pressure of carbon dioxide. Smooth
lines through the data are nonlinear least-squares regression fits to the
concentration form of the dual mode sorption model (eq 12). For
clarity, error bars on the pressure in the simulation data have been
omitted.
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308 K.79 Their reported nominal concentration of 81.4 cm3

(STP) cm-3 at 10 bar lies about midway between that of
Wind et al.122 and our simulation result.

In the low pressure range, there is a marked contrast in
the behavior of the concentration with pressure bet-
ween simulation and experiment. The simulation data all
show a very rapid and very similar increase in concentra-
tion below 10 bar, whereas the experimental data increase
at a much slower rate and differences between the poly-
mers are evident at much lower pressures. At higher
pressures, the faster rate of increase of the concentration
of CO2 in 6FDA-DAM is clear to see in the simulation
data although a difference between 6FDA-6FpDA and
6FDA-6FmDA is not evident until above 60 bar. The
models thus predict the same trends as experiment, but the
two isomers behave in a more similar way than actually
found.

The notably more rapid increase in concentration with
pressure implies higher solubilities in the models. This is
apparent in Figure 5 where the corresponding nominal
solubilities have been plotted.

The limiting zero pressure solubilities in the model
systems are all high and quite close (120 ( 10 cm3 (STP)
cm-3 bar-1) compared to the experimental results:∼21 for
6FDA-6FpDA, ∼14 for 6FDA-6FmDA, and ∼36 for
6FDA-DAM, as estimated from the best fit DMS para-
meters (S0(Pf0) = kD þ CH

0 b). The discrepancy between
simulated and experimental solubility values in the infinite
dilution limit is a problemwhich has been known for a long
time,123 and we will come back to some possible explana-
tions. Following this low-pressure range, model solubili-
ties drop very sharply in the 0-20 bar pressure range and
approach progressively the experimental values. For
6FDA-DAM, the agreement is especially good with both
model and experiment having limiting high-pressure nom-
inal solubilities of∼4 cm3 (STP) cm-3 bar-1. In the cases of
6FDA-6FpDA and 6FDA-6FmDA, the model solubilities
remain higher but only by a factor of about 2, which can
also be considered as satisfactory. It would thus seem that
the models predict better the limiting (Henry’s law) sorp-
tion but rather overestimate the initial (Langmuir-like)
uptake. Indeed, simulation works often quote solubilities
at pressures away from the infinite-dilution limit124 where
experimental data exist. In the rest of this section, we
investigate and speculate on some of the reasons that
may lie behind these discrepancies in the infinite dilution
limit.

First of all, as noted above, it is not unusual for empirical
force field based molecular simulations to overestimate
solubilities of gases in polymers or, more specifically, of
CO2 in glassy polymers in the infinite dilution limit.124

Heuchel et al. have published estimates of limiting low-
pressure solubilities of a single interaction center model of
CO2 in a number of polyimides, including 6FDA-6FpDA
(106 ( 18 cm3 (STP) cm-3 bar-1) and 6FDA-DAM (68 (
5 cm3 (STP) cm-3 bar-1).62 Their results are consistently
higher than the quoted (partial pressure of CO2 unspecified)
experimental values. Unfortunately, it is unclear how the
cross-interactions between the single Lennard-Jones 12-6
site model of CO2 and atoms in the polyimides (COMPASS
force field, i.e., with Lennard-Jones 9-6 potentials) are
calculated. Nevertheless, to assess the effect of changing
from an all-atom model of CO2 with partial charges to a
single neutral spherical representation, the solubilities of a
single Lennard-Jones site model, with the parameters given
byHeuchel et al. (σ=4 Å, ε/kB=226.23K),62 in our pure PI
systems have been calculated using the TPI method. The
resulting average solubility coefficients were 450( 40, 382(
13, and 354 ( 22 cm3 (STP) cm-3 bar-1 for 6FDA-6FpDA,
6FDA-6FmDA, and 6FDA-DAM, respectively. The con-
siderably higher solubilities obtained suggest that the sphe-
rical representation of CO2 is poorly adapted for such
studies. Further tests using the single LJ site potential
parameters optimized for supercritical CO2 of Iwai et al.

125

(σ = 3.72 Å, ε/kB = 236.1 K) gave the resulting average
solubility coefficients of 253 ( 7, 220 ( 5, and 198 ( 6 cm3

(STP) cm-3 bar-1 for 6FDA-6FpDA, 6FDA-6FmDA, and
6FDA-DAM, respectively. Again these are still higher than
the three-site model used here.

The concern about the parametrization of the van der
Waals part of the cross interactions, in particular in this case
between the gas and the polymer, should not be under-
estimated either. In general, the force fields for the pure
systems, polymer or gas, are developed independently with
little or no attention paid to optimizing the gas-polymer
interactions. Empirical mixing rules, such as the Lorentz-
Berthelot ones used here, are known to have their limitations
even for mixtures of rare gases.126 Previous molecular level
simulations of helium in polyimides have investigated the
effect of the cross-interactions by comparing different com-
bining rules and concluded that this can influence solubilities
and diffusion.98 In order to estimate the degree of such
effects in the case of carbon dioxide, the TPI calculations
on the pure polymer systems have been repeated using the
Waldman-Hagler126 combination rules: σAB = [(σAA

6 þ
σBB

6)/2]1/6 and εAB = (εAAεBB)
1/2[2σAA

3σBB
3/(σAA

6 þ σBB
6)],

for just the CO2-polymer interactions. The resulting TPI
solubility coefficients were 97 ( 3, 88 ( 7, and 92 ( 6 cm3

(STP) cm-3 bar-1 for 6FDA-6FpDA, 6FDA-6FmDA, and
6FDA-DAM, respectively. Compared to the corresponding
values obtained using the Lorentz-Berthelot combination
rules (Tables 1-3) these are between 20% and 25% lower,
which is significant but still somewhat higher than the
experimental values.

A further question in the case of the three-site model of
carbon dioxide is the value chosen for the partial charge on
the carbon atom, which by electroneutrality sets the value
for the oxygens, qO =-qC/2. This value is optimized to best
represent the properties of pure carbon dioxide.108 It is not
obvious, however, whether the same value should be used in
the case of infinite dilution where the CO2 molecule is only
surrounded by the polymer. Although it might be feasible to
perform ab initio calculations to estimate the influence of the
local environment on the charge distribution, an idea of the

Figure 5. AsFigure 4 for the nominal solubilities. Note the logarithmic
scale on the y-axis. Smooth lines through the data are nonlinear least-
squares regression to the solubility form of the dual mode sorption
model (eq 12); we note in passing that the best fit DMS parameters
depend on whether solubility or concentration curves are fitted. For
clarity, error bars on the pressure in the simulation data have again been
omitted.
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dependence of the solubility on this parameter can be
obtained by simply scaling down the partial charges on the
CO2molecule used as the test particle in the TPI calculations
on the pure polymers. The results of some tests on just one
system of a relaxed 6FDA-6FpDA system at 308 K are
shown inTable 4. Scaling down the charges naturally reduces
the interactions with the polymer atoms and leads to lower
solubilities. However, even if the partial charges are set to
zero, the solubility is still overestimated. Considering that
experimental measurements of the quadrupole moment of
CO2 in the gas phase lead to even higher estimates of the
partial charge on the oxygen atoms of -0.32e,127 it seems
unlikely that this can be the prime cause.

When compared to simulated values, there are also many
factors affecting experimental data. In the literature, it is
largely accepted that the solubility of gas molecules in
polymer membranes is governed by the hole-filling mechan-
ism at low gas pressures.41,42,128 The amount of fractional
free volume (FFV) available for gas sorption is the principal
factor determining the solubility at low pressures.41,42 In
molecular models, we can be certain that the FFV is com-
pletely available for CO2 sorption. In experiments, however,
it is possible that residual solvent molecules, or other con-
taminants, are present inside the membrane, and these
ultimately reduce the amount of CO2 sorption.

129-131 Other
experimental factors suchas thepreparationmethod, the solvent
used to cast polymer membranes, and thermal treatments
also have an impact on FFV and hence on solubility.43,44,84

Another key issue is the physical aging of polymers, which
generally leads to densification as the nonequilibrium free
volume is gradually reduced.132 Experimentally, the conse-
quences of this have been measured in terms of the drop in
solubility of CO2 in aged samples of, for example, 6FDA-
durene polyimide133 and polycarbonate134 and correlated to
the reduction of the Langmuir component of the solubility.
In these cases, changes in solubility are at least of the order of
10% over aging periods ranging from hundreds of hours to
hundreds of days. It is not easy, however, to determine from
these results the effects physical aging has on going from the
MD simulation time scale of a few nanoseconds to a real
experimental time scale of a few hours or days. Attempts to
address this issue have been made using molecular simula-
tions by generating polymer models at different densities
corresponding to the known age-dependent experimental
densities.135 However, the correspondence between generat-
ing samples at different densities and then simulating them
under constant volume conditions in order to maintain the
initial density, i.e., at different pressures, and true physical
aging, i.e., samples held at constant pressure for long periods
and likely to undergo structural changes, is not at all
obvious. Such studies are more equivalent to studying the
pressure dependence of solubility on freshly generated sam-
ples. In this work, one sample of 6FDA-6FpDA was sub-
jected to a cycle of annealing (heating to 508 K and cooling
back to 308 K) under NPT conditions. This led to a decrease

of ∼13% in the solubility. Although this could indicate that
aging can be addressed at least in some respect with MD
simulations, this would require a more thorough investiga-
tion which is beyond the scope of this article. Until this
problem is tackled in a more satisfactory way, it will remain
difficult to quantify the effect aging from the nanosecond to
experimental time scales has on solubility of gases in amor-
phous polymers. In this respect physical aging remains a
factor that could well explain, at least in part, the discrepan-
cies in the limiting low concentration solubilities.

4.2. Volume Swelling. Penetrant-induced volume dilation
is known to occur in the case of carbon dioxide sorption in
glassy polymers.136 Dilation experiments are often per-
formed using a different apparatus than the sorption experi-
ments so measuring volume changes with respect to gas
concentration is inevitably subject to some added uncer-
tainty.38,88,137 However, Wang et al.138-140 have made con-
current measurements of sorption, dilation, and diffusion of
CO2 in polysulfone and poly(benzyl methacrylate), and
H€olck et al. have performed a concurrent sorption and
dilation measurement of CO2 in 6FDA-DAM at 308 K at
a pressure of 10 bar.79

In simulations carried out in periodic boundary conditions
the dilation can be measured as a function of mass uptake
directly. The volume swelling induced by CO2 is directly
measured from the differences in volumes of the polymer
matrices containing different concentrations of CO2 with
respect to the pure polyimide matrices.

% volume swelling ¼ VðPÞ-V0

V0
� 100

¼ ΔVðPÞ
V0

� 100 ð13Þ

Figure 6a shows the relative volume swelling during loading
of the different systems as a function of the nominal con-
centration of CO2.

Table 4. Influence of the Partial ChargeDistribution in the Three-Site
Model of Carbon Dioxide on the Solubility Coefficienta

charge scaling
factor/% qC/e qO/e

TPI solubility/cm3 (STP)
cm-3 bar-1

100 0.58880 -0.29440 122
90 0.52992 -0.26496 102
80 0.47104 -0.23552 89
70 0.41216 -0.20608 79
0 0 0 55

aThe results of EVMS TPI calculations on just one pure relaxed
system of 6FDA-6FpDA at 308 K are shown.

Figure 6. Average volume swelling induced at 308 K in the models of
6FDA-6FpDA, 6FDA-6FmDA, and 6FDA-DAMby sorption of CO2

plotted as a function of (a) the (pressure-dependent) nominal concen-
tration of CO2 and (b) the pressure. The lines in (b) are linear least-
squares fits to the form of eq 15. For clarity, the error bars on the
pressure have been omitted from (b).
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In general, the swelling behavior as a function of the gas
concentration in these model polyimides is one in which the
initial gas uptake causes little volume expansion. Thereafter,
there is a gradual transition to an almost linear increase in
volume at higher concentrations. The slight differences
between the model polymers in the volume swelling vs
concentration curves can be attributed to the differences in
their FFV.73,128 The denser packing and lower FFV (0.167)73

of the 6FDA-6FmDA polyimide leads to a slightly higher
volume dilation in the low and intermediate CO2 concentra-
tion range. With a higher FFV (0.176)73 6FDA-6FpDA
dilates less than the 6FDA-6FmDA isomer in the same
concentration range. In 6FDA-DAM the packing is dis-
rupted by the methyl substituents in the diamine part that
give rise to the highest FFV (0.178)73 of the three, but this is
only marginally higher than that of 6FDA-6FpDA and does
not lead to significant differences in volume swelling. At the
higher concentrations the volume swelling behavior seems to
converge. The limiting slopes at high concentration can be
related to the partial molar volume of CO2

DVðnÞ
Dn

¼
D

ΔV

V0

� �
DC

RTSTP

PSTP
ð14Þ

and within errors these are all about 30( 2 cm3 mol-1 in the
three polyimides. This value is somewhat lower than the
average partial molar volume of CO2 in a number of organic
solvents of 46 cm3mol-1.141 However, it is very similar to the
range of values (27-31 cm3 mol-1) reported for 6FDA-
DAM-based cross-linked copolymers45 and compares well
also to the values found at short times for the dilation of
polysulfone and poly(ether sulfone).137

To our knowledge the only published experimental data
concerning the CO2-induced volume dilation of any of the
three particular polyimides studied here is the one concurrent
sorption and dilation measurement made on 6FDA-DAM
byH€olck et al. at a pressure of 10 bar and at a temperature of
308 K.79 Their result of 6.13% volume dilation compares to
our value of ∼4% at a pressure of ∼10 bar. However, if the
comparison is made at the same nominal concentration of
CO2 instead (∼80 cm3 (STP) cm-3), then our result is some-
what lower at ∼2%. The greater amount of swelling seen in
experiment is consistent with other findings. Wessling et al.
have carried out separate dilation and sorption experiments
on related 6FDA-based polyimides.88 They find that dilation
starts at very low nominal concentrations, ∼10 cm3 (STP)
cm-3, based on an extrapolation to zero dilation of the data
given in Figure 5c of ref 88. It reaches values of ∼3% at a
nominal concentration of∼50 cm3 (STP) cm-3 compared to
about 80-90 cm3 (STP) cm-3 in the model systems
(Figure 6a). It is not possible to say whether the fact that
the sorption and dilation experiments were done separately,
with a different pressure loading protocol, influenced the
results. Concurrent measurements of sorption and dilation
of CO2 by polysulfone and poly(benzyl methacrylate) also
indicate that, on the experimental time scale, dilation occurs
immediately.138-140 There are fundamental differences,
however, between the experiments and the simulations in
theway the loading is performed. In the experiments the CO2

enters the membrane from the exterior and has to diffuse
through the macroscopic sample, whereas in the simulations
the CO2 is inserted directly at the most favorable sites. Once
inserted though, the CO2 molecules are free to, and do,
diffuse, thus diminishing the importance of where they are
initially inserted. Another factor that cannot be discounted is
the different time scales involved. These are inevitably short

in simulations with respect to experiments for which it is
known that penetrant-induced volume relaxation can be
extremely slow.88,137

It has previously been argued that if the Langmuir sorp-
tion term in the DMS model corresponds to a true hole-
filling process, then its effect on the volume dilation of the
polymer should be negligible.141 Volume dilation can then be
attributed just to the number of moles of gas truly “dis-
solved” in the polymer matrix; from eq 12 this is simply
proportional to kDP. Assuming that the partial molar vo-
lume of CO2, VCO2

, is independent of pressure, this gives the
following prediction for the volume dilation141

ΔV

V0
¼ kDP

RTSTP=PSTP
VCO2

¼ kDP

22414 cm3
VCO2

ð15Þ

Equation 15 has been found to predict reasonably well the
CO2-induced volume dilation of polycarbonate using a value
of VCO2

= 46 cm3 mol-1.141 For this reason the data for
volume swelling has also been plotted as a function of the
pressure in Figure 6b. The data for 6FDA-6FpDA and
6FDA-DAM show some scatter about the best fit lines to
the form of eq 15, but it is clear that 6FDA-6FmDA shows a
systematic deviation. Despite this the resulting linear least-
squares best fit values forVCO2

were 47( 9, 65( 13, and 38(
4 cm3 mol-1 for 6FDA-6FpDA, 6FDA-6FmDA, and
6FDA-DAM, respectively. These do not compare particu-
larly well to the common value of 30 ( 2 cm3 mol-1

determined directly from the volume swelling vs nominal
concentration curve. In addition, nonlinear behavior of the
volume swelling with CO2 vapor pressure has been found in
6FDA-DAM-based cross-linked copolymers,45 6FDA-
based polyimides,88 and polysulfone and poly(ether
sulfone).137 Such nonlinear behavior has led to the develop-
ment of more elaborate models to describe swelling based on
a continuous distribution of hole sizes.142,143

FromFigure 6a it is clear that the effective volume dilation
starts above a nominal concentration of∼50 cm3 (STP) cm-3

for all three polyimides under study. Experimentally, the
plasticization pressure of glassy polymers is defined as the
point where the permeability passes through a minimum,
thus the point at which the increasing diffusivity compen-
sates for the decreasing solubility of the penetrant. Bos
et al.38 studied 11 different glassy polymers and reported
that all the polymers are plasticized at about the same critical
(nominal) concentration of 36 ( 7 cm3 (STP) cm-3. How-
ever, from the actual experimental CO2 permeability and
mass uptake curves reported by Coleman et al.,41 a higher
critical concentration of 57 cm3 (STP) cm-3 was estimated
for both 6FDA-6FpDA and 6FDA-6FmDA. In the case of
6FDA-DAM, from similar curves reported byWind et al.,144

a critical concentration of ∼77 cm3 (STP) cm-3 was calcu-
lated. This apparent correlation between the start of effective
volume dilation in the models and the experimentally deter-
mined critical concentrations for plasticization may well be
just a coincidence. Although we might expect some correla-
tion between the solubility and volume swelling, it is less
evident that there would be a correlation with plasticization.

4.3. Void Space. The void space analysis of the polyimides
as a function of CO2 concentration was carried out using a
simple geometric technique, and the probe accessible volume
(PAV) was calculated. This method is similar to various
other phantom sphere approaches commonly found in ato-
mistic simulations, and the details of this specific method can
be found elsewhere.105 In brief, the PAV was obtained from
repeated random insertions of a virtual probe of radius of
1.8 Å into theMD simulation boxes having different loadings
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of CO2. The PAV was calculated in two ways by taking into
account or not the actual CO2 molecules present in the
system. In the case where CO2 molecules were excluded, all
polymer atoms in the simulation boxes were treated as hard
spheres with standard van der Waals radii (1.20 Å for H,
1.35 Å for F, 1.50 Å for O, 1.55 for N, and 1.70 Å for C),
whereas the carbon dioxide molecules present were ignored.
A random trial insertion was then “accepted” if the probe
sphere did not overlap with any of the polymer atoms in the
simulation box. The PAV is then calculated simply as the
fraction of “accepted” insertions with respect to the total
number of trials multiplied by the volume of the box. It is
important to point out that, as such, the PAV is just the
volume accessible to the centers of the virtual probes. This
method does not make any attempt to calculate the total
volume accessible to the virtual probe and is just intended to
give relative comparisons between similar systems. In the
case where the CO2 molecules actually present in the system
were considered the C and O atoms were given the same
standard hard-sphere radii as given above. These two calcu-
lations of the PAVgive different information about the space
available.

An illustration of the typical results obtained is shown in
Figure 7 where the PAV is shown as a function of the
nominal CO2 concentration for just one system of the
6FDA-6FpDA polyimide; all systems were qualitatively
similar in their behavior. At nominal concentrations of
CO2 less than ∼50 cm3 (STP) cm-3 the CO2-excluded PAV
hardly changes whereas the CO2-included PAV gradually
diminishes as holes are filled up. Above this critical concen-
tration the CO2-included PAV remains very small, whereas
the CO2-excluded PAV reflects the same behavior as the
volume swelling curve (Figure 6a).

The distributions of PAV hole sizes were also analyzed by
using a cutoff distance of 0.5 Å to identify all accepted probe
centers falling into the same hole. Although not shown here,
the CO2-excluded PAV hole size distributions remain similar
below the critical concentration of CO2. This also clearly
indicates the domination of hole-filling sorption at low
concentrations, there being no new holes formed in this
regime. Above the critical concentration of CO2, the percen-
tage of smaller holes is diminished and the percentage of
larger holes is increased.

4.4. Energy and Entropy. The changes in the average total
potential energy, ΔUpot, of the different CO2-containing
systems, relative to the pure polymers, have been calculated
and resolved into their component parts. Figure 8 shows
these various contributions to the ΔUpot as a function of the
nominal CO2 concentration in the case of 6FDA-6FpDA.

The results for 6FDA-6FmDA are quantitatively very simi-
lar to 6FDA-6FpDA, and although 6FDA-DAM shows
slight differences qualitatively, the trends are the same. The
change in total potential energy is negative, i.e., exothermic,
as reported in the literature.85 At low concentrations ΔUpot

decreases almost linearly with the major contribution being
the polymer-CO2 interactions. The onset of volume swel-
ling, above C0 ∼ 50 cm3 (STP) cm-3, coincides with a less
steep decrease in the polymer-CO2 contribution and
changes in the polymer-polymer interactions. The intermo-
lecular polymer-polymer contribution becomes less cohe-
sive, as chains become further apart, while a slight decrease in
the polymer-polymer intramolecular contribution counter-
balances this. The gradual change in the CO2-CO2 contri-
bution also nullifies the loss in the polymer-polymer
cohesive energy.

The two contributions to the excess chemical potential,
i.e., the excess molar enthalpy (hex) and the excess molar
entropy (sex), were also estimated. To obtain estimates of
hex the average values ofUpotþPV, i.e., total enthalpyminus
the kinetic energy contribution, from the simulations carried
out at 1 bar were plotted as a function of the number (n) of
added CO2 molecules. The resulting curves were then fitted
to a combination of two linear functions

HðnÞ ¼ ðaþ bnÞð1-SðnÞÞþ ðCþ dnÞSðnÞ ð16Þ
where a, b, c, and d are constants and S(n) is a switching
function which goes from 1 to 0 in a controllable interval
either side of a critical number of addedCO2molecules, nc. In
this work the following form for S(n) has been chosen

SðnÞ ¼ 1

2
1þ n-nc

ωþ jn-ncj
� �

ð17Þ

where ω is a variable parameter controlling the sharpness of
the switching function; ω = 0 being the standard Heaviside
function. It seems reasonable to assume that the initial
addition of CO2 leads to a linear change in the enthalpy,
the volume swelling being small initially this is effectively
confirmed by Figure 8, and at high CO2 concentration it
should become linear again too as it tends toward a pure CO2

system. The resulting smooth curves (not shown) gave
excellent fits to the data, and the excess molar enthalpies
were then obtained from the analytical derivation of eq 16
and the best fit coefficients. The estimation of the derivatives
in this way was consistent with numerical estimates using
simple difference equations but were much smoother. Once

Figure 7. Probe accessible volume (PAV) expressed as a percentage of
the pure polymer volume for one system of 6FDA-6FpDA at 308 K.
The PAV has been obtained by both including and excluding the CO2

molecules present in the system.

Figure 8. Changes in the total potential energy, and its resolution into
the different contributions, with respect to the pure polymer as a
function of the nominal concentration of CO2 at 308 K for 6FDA-
6FpDA. Energy changes are quoted in kJ/mol of mers.
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the hex have been obtained, the excess molar entropies can be
estimated indirectly using the following equation

Tsex ¼ hex - μex ð18Þ
All three excess molar properties are plotted for all three
systems in Figure 9 as a function of the nominal CO2

concentration.
The excess molar enthalpies gradually decrease from an

initial value of about-30 kJ/mol to a value of about-20 kJ/
mol as CO2 concentration increases. This latter value is more
negative compared to those typical of pure liquid CO2, e.g.,
about-17 kJ/mol at 290K as seen in section 2.7, confirming
the predominance of polymer-CO2 interactions (see
Figure 8) in the regime of concentrations studied. The
behavior of the excess molar chemical potential seems to
mirror that of hex initially, but at higher concentrations there
are signs of a plateau at μex≈-4 kJ/mol. This value is already
slightly above that for dense pure liquid CO2 of -6 kJ/
mol, albeit at a lower temperature of 290 K, or the super-
critical (dense) fluid value of about-5 kJ/mol of CO2 in the
100-200 bar range of pressure at 308 K. This can be
explained by the behavior of theTsex termwhichwe interpret
as being consistent with the behavior of the partial molar
volume of added CO2. Initial hole filling leads first to a slight
descent to more negative values in the entropic contribution,
but once the volume swelling starts to accelerate, this trend is
reversed and Tsex begins to rise as each CO2 has to create its
own space in the system. The values ofTsex are still someway
off that of about -11 kJ/mol typical of pure liquid CO2 at
290 K, but this is consistent with the partial molar volume
still being less than that in pure CO2, too.

According to the site-distribution model of Kirch-
heim,142,143,145-147 the sorbed gasmolecules fill the low-energy
microvoids initially, and then the polymer has to adjust itself
to adopt more gas molecules. Gas insertion energies thus
increase with the increasing concentration of gas molecules.
This hypothesis can be tested to a certain extent by analyzing
the distribution of CO2 insertion energies obtained from the
TPI calculations carried out at different concentrations of
CO2 in the polymer matrices. The normalized probability
density distribution of insertion energies that results from
TPI, F(ΔΦ), necessarily contains information concerning
those trial insertions which are of high energy, thus of low
probability. To obtain a distribution more representative of
the energy of likely sites of adsorption, this distribution is
weighted by the associated Boltzmann factor, i.e., Fω(ΔΦ)=
F(ΔΦ) exp(-ΔΦ/kT). Examples of these weighted probabil-
ity density functions are shown in Figure 10 in the case of
6FDA-6FpDA at a range of CO2 concentrations.

The resulting weighted insertion energy distributions are
smooth and single-Gaussian-like with no signs of a bimodal
distribution, as was recently shown by a molecular study of
oxygen sorption in polyimides.101 They thus support the site-
distribution model rather than the dual-sorption model.
However, the weighted distributions also show a fairly
homogeneous and progressive reduction in the number of
sites available for adsorption. There is no obvious indication
that the lower energy sites are being filled in preference.
Indeed, the peak in the distributions moves, if anything,
toward lower energies in the range from 0 to 15%. We
attribute this to the increasing quantity of CO2 in the system
in the phase before volume swelling becomes important. If
the rubbery state had been attained, where Henry’s law is
obeyed, no further shift in Fω(ΔΦ) would be expected at the
higher loadings. The results shown for the higher concentra-
tions in Figure 10b seem to indicate that above 15% there is a
tendency for the distributions to differ less with a gradual
shift of the maximum to lower energies. A closer inspection
of the data for the individual samples (not shown) reveals
that the apparent break between 23 and 25% in 6FDA-
6FpDA is not due to anything peculiar with the 25% systems
but is due to one sample having higher values for the 21
and 23% systems than the other two samples. The under-
lying trend, at least in the range of concentrations simu-
lated, is thus always toward a gradual decrease in these
distributions with an ever decreasing gap. This is in
agreement with the behavior of the solubility with increased
concentration, with which there is a clear connection

since exp -Δφ
kT

� 	D E
¼ R þ¥

-¥ FðΔφÞ exp -Δφ
kT

� 	
dΔφ. The dis-

tributions for the other two polyimides (not shown) confirm
this trend.

4.5. Cluster Analysis. The possibility of formation of CO2

clusters was analyzed. Two molecules were deemed to be in
the same cluster if the distance between the carbon atom of
one molecule was within a distance of 3 Å of an oxygen atom
of the othermolecule. This distancewas obtained by trial and

Figure 9. Excess molar enthalpy (hex), excess molar entropy (sex), and
the excess chemical potential (μex) plotted as a function of the nominal
CO2 concentration in the respective polymer matrices. Squares repre-
sent 6FDA-6FpDA, circles 6FDA-6FmDA, and triangles 6FDA-
DAM.

Figure 10. Boltzmann-factor-weighted probability density distribu-
tions for the insertion energy of a virtual probe CO2 molecule in the
three 6FDA-6FpDA systems containing different concentrations of
CO2. The lower figure shows the concentrations in the range from 15 to
25% on an enlarged scale.
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error but roughly corresponds to the first peak in the radial
distribution function. The average results obtained for the
distribution of cluster sizes from theMD simulations of 25%
CO2 in 6FDA-6FpDA system are displayed in Figure 11.

For comparison, the distribution obtained in the pure gas
phase at same density of CO2 (322.33 kg m-3), i.e., from
simulations using the same size ofMDboxas the 25%CO2 in
6FDA-6FpDA system having first removed the polymer. As
might be expected from the restricted space available to the
CO2 molecules in the polymer plus CO2 system, the percen-
tage of single CO2molecules in the polymer phase is less than
that in the gas phase.However, there is no obvious formation
of large clusters which suggests that the CO2 molecules tend
to rest apart even in the polymer phase. Similar cluster
distributions were found in the other two polyimides under
study. This is also supported by the results for the potential

energy (Figure 8) which show a fairly feeble contribution of
CO2 3 3 3CO2 interactions to the total potential energy.

5. Carbon Dioxide Unloading from Polyimides

The effect of penetrant-induced hysteresis (conditioning) un-
der various CO2 feed pressures has been reported in the literature
for the 6FDA-6FpDA and 6FDA-6FmDA polyimides.41,42 In
these real experiments the conditioning was carried out at
different gas pressures, up to ∼60 bar, and for times of 2-3
weeks; such long times are necessary to attain “steady state”
where permeabilities changed less than 0.5% per day. The
experiments reveal that the significant increases in permeability
after conditioning are due to increases in solubility and diffusiv-
ity, with the latter being the major cause due to enhancements
causedby the volume relaxations andpolymer chainmobilities.41,42

Even though it is impossible to study the effects of such a long-term
conditioning, given current limitations of MD simulations, it is
still nevertheless interesting to check the immediate effect of
exposure to high concentrations of CO2 in polymers. As explained
in section 2.6, unloading curves were produced in a similar manner
to the loading curves this time by stepwise removal of the CO2

molecules from systems exposed to a pressure of∼60 bar. Just one
system for each type of polyimide was studied in this way.

Tables 5-7 show the nominal and true solubility of CO2

calculated from the iterative and TPI procedures. The compar-
able values obtained between iterative and TPI solubilities once
again confirms the reliability of the former procedure. Figure 12
shows a comparison of the nominal solubility vs pressure curves
for the sorption and desorption isotherms in the case of 6FDA-
DAM. On the log-log scale of Figure 12 only a slight tendency
for an increase in solubility is observed during desorption. The
trend is the same in the other two polyimides (plots not shown),
but differences are even less. This is not to say that there are no

Figure 11. Percentage of CO2molecules in clusters of a given size in the
6FDA-6FpDA system containing ∼25% of CO2 compared to the
distribution obtained from simulation of a pure gas phase CO2 system
at the same CO2 density (see text for details).

Table 5. Desorption Isotherm MD Simulations at 308 K on 6FDA-6FpDAa

∼% CO2

no. of
CO2

true concn
Vg
STP(P)/V(P)

nominal concn
Vg
STP(P)/V0 P/bar

true solubility
C(P)/P

nominal solubility
C0(P)/P TPI solubility

24.33 616 184.23 163.22 45.70 3.57 4.03 3.36
23 582 174.07 153.12 37.20 4.12 4.68 3.99
21 531 158.81 142.41 23.75 6.00 6.69 5.85
19 481 143.86 131.64 17.20 7.65 8.36 7.68
17 430 128.60 119.91 11.40 10.52 11.28 10.62
15 380 113.65 107.41 6.15 17.46 18.48 17.01
11 278 83.14 80.88 2.75 29.41 30.23 27.95
7 177 52.94 52.34 1.20 43.61 44.11 46.17
5 127 37.98 37.86 0.60 63.11 63.31 64.31
3 76 22.73 22.68 0.23 98.63 98.83 95.69
1 25 7.48 7.48 0.07 115.04 115.03 117.32
0 0 0.00 0.00 137.63
aThe approximatemass percentages ofCO2 are given as obtained from the actual number ofmolecules inserted into the polymers. The corresponding

true and nominal concentrations of gas in the polymer are shown in units of cm3 (STP) cm-3 of polymer (true or pure polymer volume). The pressure
given is that estimated to be the equilibrium external vapour pressure of CO2 which would have to be applied to give the imposed concentrations of CO2

in the polymer. The true and nominal solubility coefficients are given as well as the solubility coefficient estimated from the EVMS test particle insertion
analysis (eq 10 or 11) in units of cm3 (STP) cm-3 bar-1.

Table 6. As Table 5 for 6FDA-6FmDA

∼% CO2

no. of
CO2

true concn
Vg
STP(P)/V(P)

nominal concn
Vg
STP(P)/V0 P/bar

true solubility
C(P)/P

nominal solubility
C0(P)/P TPI solubility

23 582 176.00 153.63 42.00 3.66 4.19 4.33
21 531 160.58 140.31 38.90 3.61 4.13 4.79
19 481 145.46 131.65 25.80 5.10 5.64 5.61
17 430 130.03 119.52 16.10 7.42 8.08 8.08
15 380 114.91 107.30 10.25 10.47 11.21 10.81
11 278 84.07 81.06 3.30 24.56 25.48 24.51
7 177 53.53 52.74 1.15 45.86 46.54 44.56
5 127 38.41 38.05 0.55 69.18 69.83 70.02
3 76 22.98 22.92 0.26 88.17 88.39 84.53
1 25 7.56 7.53 0.07 109.19 109.57 109.93
0 0 0.00 0.00 127.68



2618 Macromolecules, Vol. 43, No. 5, 2010 Pandiyan et al.

immediate conditioning effects when the polymer membrane is
exposed to high pressure of CO2. There are compensating
changes taking place which mean that the nominal solubility vs
pressure curves are not the best way to reveal them. To demon-
strate this, the volume contractions during desorption were also
calculated directly from the volume of theMD simulation boxes.
Figure 13 shows the volume dilations and contractions relative to
the original pure polyimide systems, i.e., prior to any sorption of
CO2, as a function of nominal concentration of CO2. The
differences between dilation and contraction curves can be
explained by the volume relaxations induced by the higher

concentrations of CO2.
79,143 From Figure 13 it is clear that the

6FDA-DAM has the least amount of volume contraction as it
shows almost 7% volume change at the end of complete desorp-
tion of CO2, whereas the 6FDA-6FpDA and 6FDA-6FmDA
exhibit close to 2.5 and 4% induced volume changes, respectively.

6. Conclusion

MD simulation techniques have been successfully used to
obtain sorption isotherms of CO2 in three different polyimides:
6FDA-6FpDA, 6FDA-6FmDA, and 6FDA-DAM. For the first
time, a simple iterative technique to obtain the sorption iso-
therm81 has been applied to realistic models of polyimides. The
method is robust and converges rapidly. Both CO2 loading and
unloading curves were obtained. An excluded volume map
sampling test particle insertion technique was found to be an
efficient method to calculate the excess chemical potentials
required for the iterative approach.

Although the solubilities in the infinite dilution limit pre-
dicted from the simulations were found to be significantly
higher than those extrapolated to zero pressure from experi-
mental data, at pressures of 10 bar the predicted solubilities are
within a factor of 2 of the experimental results. The simulations
also reproduce the experimental order in the solubilities of the
three polyimides, but the two structural isomers, 6FDA-
6FpDA and 6FDA-6FmDA, are closer in behavior than is
found in reality. Explanations for the overestimation of infinite
dilution solubilities in terms of the details of the potential
models were sought, but none of those tested could account
for the discrepancies. In particular, the considerably higher
solubilities obtained using a united-atommodels of CO2 suggest
that this purely spherical representation of CO2 is poorly
adapted for such studies.

All three polyimides swell significantly and homogeneously
during CO2 sorption. There is no evidence to suggest that large
clusters of CO2 form even at the highest concentrations. Initial
gas uptake causes little volume expansion, i.e., consistent with a
hole-fillingmechanism, but thereafter there is a gradual transition
to an almost linear increase in volume at higher concentrations.
These results were consistentwith the determinations of the probe
accessible volumes. Where comparisons with swelling in experi-
mental systems were available, significant swelling in the models
started at higher concentrations and sowas less consequent when
compared at the same concentration of CO2.

Analysis of the changes in the contributions to the total
potential energy reveal that the interactions between the polymer
and the carbon dioxide are largely responsible for the change.
Other contributions exist but tend to cancel out. The excessmolar
enthalpies and excessmolar chemical potentials show trends with
increased concentration consistent with a progression from a

Table 7. As Table 5 for 6FDA-DAM

∼% CO2

no. of
CO2

true concn
Vg
STP(P)/V(P)

nominal concn
Vg
STP(P)/V0 P/bar

true solubility
C(P)/P

nominal solubility
C0(P)/P TPI solubility

31 589 209.27 176.15 74.15 2.38 2.82 1.36
29 551 195.77 165.99 43.80 3.79 4.47 2.85
27 513 182.27 155.57 31.00 5.02 5.88 5.72
25 475 168.76 145.82 21.95 6.64 7.69 5.84
23 437 155.26 135.73 12.28 11.05 12.64 10.52
21 399 141.76 124.90 9.95 12.55 14.25 11.63
19 361 128.26 113.36 5.39 21.03 23.80 19.58
17 323 114.76 102.81 5.01 20.52 22.91 19.10
15 285 101.26 92.56 4.20 22.06 24.14 20.69
11 209 74.26 68.48 1.93 35.48 38.47 33.20
7 133 46.90 44.25 0.74 60.21 63.81 51.22
5 95 33.75 31.62 0.43 73.54 78.49 69.01
3 57 19.90 18.97 0.20 96.81 101.51 90.52
1 19 6.75 6.33 0.05 126.55 135.01 123.26
0 0 0.00 0.00 147.59

Figure 12. Comparison of CO2 sorption and desorption isotherms
obtained from just one sample of 6FDA-DAMat 308K. The solubility
coefficients are plotted as a function of nominal concentrations of
carbon dioxide (eq 9) on a log-log scale. Lines are nonlinear least-
squares regression fits to the solubility form of the dual mode sorption
model (eq 12).

Figure 13. A comparison of volume swelling during sorption (open
symbols) and volume contraction during desorption (filled symbols) for
all three polyimides at 308 K as obtained from the simulations reported
here. The percentage volume change relative to the original pure
polyimide systems prior to the sorption of CO2 are plotted as a function
of nominal concentrations of carbon dioxide (eq 9).
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pure polyimide system to a pure dense CO2 system. The asso-
ciated excess molar enthalpy also shows trends consistent with an
initial hole-filling behavior followed by increased volume swel-
ling. The Boltzmann factor weighted probability density distri-
butions for the trial insertion energies show a single Gaussian-
like peak. Although this could be thought to be supportive of the
site-distribution model, rather than the dual sorption model,
there is no evidence to suggest that the lower energy micro-
voids are filled preferentially. Indeed, the weighted distributions
remain Gaussian-like and diminish homogeneously with concen-
tration.

Immediate desorption following sorption leads to relatively
small increases in the solubilities compared to those obtained in
the laboratory through very long conditioning protocols. How-
ever, the models do predict significant changes in volume of the
pure polymers following complete outgassing of the samples.

In this work, we addressed several key issues related to the
solubilities, volume changes, void space characterizations, and
energetic properties in glassy polyimides as a function of CO2

concentration. Such molecular models can also bring insight
related to diffusion of the penetrant within the polymer matrices.
Detailed analyses of diffusivities at different CO2 loadings will
consequently be reported in a second article.
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Appendix

The chemical potential at a certain higher pressure, P0, can
always be obtained by integration along an isotherm102

μðP0,TÞ ¼ μðPlow,TÞþ
Z P0

Plow

Dμ
DP

� �
T

dP ðA1Þ

where Plow is some reference “low” pressure and μ(Plow,T) the
corresponding chemical potential. The partial derivative of the
chemical potential with respect to pressure at constant tempera-
ture is just 1/F = V/N.102 So we can write

μðP0,TÞ ¼ μðPlow,TÞþ
Z P0

Plow

VðP,TÞ
N

dP ðA2Þ

Adding and subtracting a term kT/P, corresponding to the
volume of the ideal gas divided by N, to the integral gives

μðP0,TÞ ¼ μðPlow,TÞþ
Z P0

Plow

VðP,TÞ
N

-
kT

P
þ kT

P
dP

¼ μðPlow,TÞþ
Z P0

Plow

VðP,TÞ
N

-
V igðP,TÞ

N
dPþ

Z P0

Plow

kT

P
dP

¼ μðPlow,TÞþ
Z P0

Plow

VðP,TÞ
N

-
V igðP,TÞ

N
dPþ kT ½ln P�P0

Plow

¼ μðPlow,TÞþ kT ln
P0

Plow
þ 1

N

Z P0

Plow

VðP,TÞ-V igðP,TÞ dP

ðA3Þ

To obtain the chemical potential at the low pressure, we use the
standard statistical mechanics expression for the chemical poten-
tial in the NPT ensemble102,104

μ ¼ kT ln
FΛ3

q
-kT ln

V exp
-ΔU

kT

� �� �
ÆVæ

¼ μidþ μex
ðA4Þ

where q is the partition function for internal degrees of freedom
and Λ is the de Broglie wavelength defined as

Λ ¼ h2

2πmkBT

 !1=2

ðA5Þ

with h being Planck’s constant andwhere it is understood that the
number density F=N/ÆVæ≈ (Nþ 1)/ÆVæ is that corresponding to
the applied conditions of P and T, i.e., F= F(P,T). Now for the
reference state we choose a pressure sufficiently low that the ideal
gas law holds then the chemical potential is well approximated by
the first term in eq A4 and thus

μðPlow,TÞ≈ kT ln
FðPlow,TÞΛ3

q

" #
≈ kT ln

PlowΛ
3

qkT

" #
ðA6Þ

Equation A3 can then be written as

μðP0,TÞ ¼ kT ln
PlowΛ

3

qkT

" #
þ kT ln

P0

Plow
þ 1

N

Z P0

Plow

VðP,TÞ-V igðP,TÞ dP

¼ kT ln
PlowΛ

3

qkT

" #
þ kT ln

P0

Plow
þ 1

N

Z P0

Plow

VðP,TÞ-V igðP,TÞ dP

¼ kT ln
P0Λ3

qkT

" #
þ 1

N

Z P0

Plow

VðP,TÞ-V igðP,TÞ dP

¼ kT ln
FigðP0,TÞΛ3

q

" #
þ 1

N

Z P0

Plow

VðP,TÞ-V igðP,TÞ dP ðA7Þ

where we recognize that the termP0/kT is just the number density
of the ideal gas, Fig(P0,T). Now adding and subtracting a term of
kT ln F(P0,T)gives

μðP0,TÞ ¼ kT ln
FigðP0,TÞΛ3

q

" #
-kT ln FðP0,TÞ

þ kT ln FðP0,TÞþ 1

N

Z P0

Plow

VðP,TÞ-V igðP,TÞ dP

¼ kT ln
FðP0,TÞΛ3

q

" #
-kT ln

FðP0,TÞ
FigðP0,TÞ
� �

þ 1

N

Z P0

Plow

VðP,TÞ-V igðP,TÞ dP ðA8Þ

It follows then that the excess chemical potential, as defined by eq
A4, is given by

μex ¼ -kT ln
FðP0,TÞ
FigðP0,TÞ
� �

þ 1

N

Z P0

Plow

VðP,TÞ-V igðP,TÞ dP

ðA9Þ
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