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Experimental measurements and fully atomistic simulations are carried out to examine the CO2-induced
plasticization of a polyimide membrane synthesized from 4,40-(hexafluoroisopropylidene) diphthalic
anhydride (6FDA) and 4,40-oxydianiline (ODA). With increasing feed pressure, the permeability of CO2 in
the 6FDA-ODA membrane initially decreases, crosses a minimum, and then increases. The plasticization
pressure is estimated to be at approximately 8 atm. The radial distribution functions between CO2 and
polyimide atoms reveal that the imide groups are the preferential sorption sites, followed by the ether
and CF3 groups. The experimental and simulated sorption isotherms of CO2 are in fairly good agreement.
At low loadings, CO2 molecules are largely trapped with small mobility. With increasing loading, the
polyimide membrane exhibits a depressed glass transition temperature, a dilated volume and an
increased fractional free volume. In addition, larger and more interconnected voids appear and the mean
radius of voids increases from 2.5 to 3.3 Å with increasing CO2 loading. Consequently, the mobility of
both CO2 molecules and polymer chains is enhanced. Based on molecular displacement, the percentages
of three types of motions (jumping, trapped, and continuous) are estimated for CO2 in the membrane.
The continuous motion contributes predominantly to CO2 diffusion. At a high loading, the ether groups in
the polyimide chains exhibit a significant effect on plasticization. It is therefore suggested that the
plasticization could be suppressed by substituting the ether groups. The microscopic information of this
study is particularly useful for the quantitative understanding of plasticization.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Plasticization is acommonphenomenon forpolymericmembranes
in gas separation processes. Studies have shown that plasticization
essentially originates from the interactions between gas and
membrane which significantly affect the performance of membrane
[1e4]. Plasticization isusuallyencountered in the separationof natural
gas, which involves highly condensable gases such as CO2, H2S, H2O,
and hydrocarbons [5e13]. Beyond a critical feed pressure, the
permeabilities of both CO2 and CH4 increase; consequently, a loss of
permselectivity takesplace. Thisundesirableeffect ismoreremarkable
in polyimide membranes, despite their good chemical integrity
compared to other polymeric membranes.

In the literature, plasticization has been described in a number of
ways [14e19]. Due to the complexity, however, most of these
descriptions cannot fully address plasticization and associated issues.
From a technical point of view, plasticization may be defined as
a repertoire of pressure-dependent phenomenon caused by the
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dissolutionof a certain species intopolymermatrix that disrupts chain
packing and enhances inter-segmental mobility [18]. The pressure at
which gas permeability exhibits a minimum is known as the plastici-
zation pressure (Pplas). By single-gas permeation and sorption
measurements, CO2-induced plasticization was examined in 11
different glassy polymers and a relationship was proposed between
plasticization pressures and the chemical/physical properties of
polymers [17]. Nevertheless, the general permeabilityepressure rela-
tionship is inadequate to determine the incipient point of plasticiza-
tion which is strongly time-dependent [20], and several issues are
associated intimatelywithplasticization [21]. Forexample, thedilation
and swelling of polysulfone and poly(ethylmethacrylate) films were
observed bymeasuring the dimensional changes upon the sorption of
high-pressure CO2 [15,22]. Glass transition temperature (Tg) is related
with the stiffness of polymer chain; therefore, the depression of Tg is
also an evidence for plasticization. The 6FDA-based polyimides were
reported to show a large Tg depression of 198 �C when CO2 feed
pressure reached 50 bar [23]. Moreover, it has been found that the
depression of Tg could even occur below the apparent plasticization
pressure [16]. CO2-induced plasticization is dependent on membrane
thickness as observed from accelerated plasticization in ultra-thin
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polyimide films [24]. Temperature-dependent CO2-induced plastici-
zation at different operating temperatures revealed that plasticization
is more pronounced at lower temperatures [25]. A few studies have
been conducted to determine the onset of plasticization. One example
was to examine the absolute heat of sorption as a function of pressure.
The onset of plasticization was proposed corresponding to the pres-
sure at which the heat of sorption changed sign (from negative to
positive) [26]. Another attempt was to relate plasticization to the
concentration of CO2 dissolved in polymer [17,27]. It was suggested
that all polymers are swollen at approximately the same CO2
concentration, which is reached at different pressures [27].

The fundamental understanding of CO2-induced plasticization is
crucial to the enhancementof separationefficacyand thedevelopment
of high-performance polymeric membranes. The ever-growing
computer technology and the recent advances in molecular modeling
haveprovidedauniqueopportunity to examineplasticization [28]. The
microscopic insight at a molecular level is indispensable in quantita-
tively unraveling the underlying physics. To date only few simulation
studies have been reported to investigate plasticization in polymeric
membranes. The sorption isotherms of CO2 were simulated in a hypo-
thetical glassy polymer with Tg around 500 K [29]. Since CO2-induced
swelling of glassy polymer is a complex process involving the interplay
of sorption and dilation, it is formidable to directly simulate the time-
evolution of plasticization. The atomistic packing models were con-
structed for unswollenpolysulfone (PSU) andpoly(ether sulfone) (PES)
at ambient conditions, also for swollen PSU and PES at experimentally
observed CO2 swelling pressure (50 bar). The sorption isotherms were
subsequently estimated by interpolating two isotherms in the
unswollenandswollenpolymers [30e32].CO2sorptionandswelling in
atactic polystyrene were simulated over temperatures ranging from
308 to 405 K at pressures up to 300 bar [33].

The question remains elusive whether there is a physical
property of significance indicating the critical threshold of plasti-
cization. In this paper, a combined experimental and simulation
study is reported for CO2-induced plasticization in a membrane
with different CO2 loadings at 308 K. The membrane considered is
6FDA-ODA polyimide (6FDA ¼ 4,40-(hexafluoroisopropylidene)
diphthalic anhydride, ODA ¼ 4,40-oxydianiline), one of most
commonly studied glassy polymers due to its high permeability
and selectivity for CO2. The bulky �C(CF3)2 groups in 6FDA-based
polyimide membranes have two important effects: (1) inhibit
efficient chain packing, thus create a large free volume and increase
permeability; (2) increase chain stiffness, restrict chain mobility
and enhance selectivity. The sorption and diffusion of CO2 in the
6FDA-ODA membrane were measured experimentally and evalu-
ated by fully atomistic simulations. The fractional free volume and
its distribution, glass transition temperature, sorption isotherm,
dynamics of polymer chains and penetrants are comprehensively
investigated as a function of CO2 loading from simulations. In
comparison between experimental and simulated findings, we aim
to achieve a quantitative understanding of the relation among
polymer structure, its interaction with CO2 and its performance,
which could assist in the rational design of next-generation poly-
meric materials for high-efficacy gas separation.

2. Experimental materials and methods

2.1. Materials

The reagents 4,40-(hexafluoroisopropylidene) diphthalic anhy-
dride (6FDA), and 4,40-oxydianiline (ODA), supplied from Sigma-
eAldrich, were purified by vacuum sublimation before usage. NMP
(N-methyl-pyrrolidone) purchased fromMerck, was distilled at 42 �C
under 1 mbar after drying with molecular sieve before use. Other
chemicals and solvents such as acetic anhydride, triethylamine and
methanol were all reagent grades or better from Aldrich and were
used without further purification. The purity of CO2 was 99.99%.

2.2. Polyimide synthesis

Chemical imidization was performed during the synthesis of
polyimide. A stoichiometric amount of 6FDAwas added to an ODA’s
NMP solution at a designated molar ratio in a moisture free flask
with stirring and nitrogen inlet at room temperature. After reaction
for 24 h, a high molecular weight polyamic acid was formed, and
then a mixture of acetic anhydride and triethylamine at 4:1 M ratio
was slowly added to the polyamic acid solution for imidization for
24 h. After precipitation in methanol, the polymer was filtered,
washed and dried under 150 �C in vacuum for 24 h.

The molecular weights of the modified polyimide were deter-
mined by gel-permeation chromatography (GPC) measurements,
which were carried out on an HP 1100 HPLC system equipped with
the HP 1047A RI detector and Agilent 79911GP-MXC columns.
Tetrahydrofuran was used as the solvent and the flow rate was
controlled at 1.0 ml/min. The polymer was dissolved in tetrahy-
drofuran at a concentration of 0.005 wt%. The molecular weights
were estimated by comparing the retention times in the column to
those of poly(styrene) standards.

2.3. Membrane preparation and characterization

Polyimide solutions at a concentration of 2% (w/w) were prepared
by dissolving the readily-soluble polymer powders in dichloro-
methane. The solutions were then filtered using Whatman’s filters
(1 mm) to remove insoluble materials and dust particles. Then the
solutions were cast onto silicon wafers at ambient temperature.
Dense membranes were formed after most of the solvent was
allowed to evaporate slowly over a period of about 5 days. The
residual solvent was removed by placing the dense membranes in
a vacuum oven at 250 �C. All membranes were cut into circles with
a diameter of 38 mm. Only the membranes with a thickness of about
50 � 5 mm were used in the subsequent measurements.

The permeability of CO2 was determined by a constant volume
and variable pressure method. The testing temperature was 35 �C
and pressure was increased gradually from 1 atm to 30 atm. The
rate of downstream pressure increase (dP/dt) at a steady state was
used to calculate the gas permeability using following equation:

P ¼ 273� 1010

760
VL

ATðp2 � 76=14:7Þ
�
dp
dt

�
(1)

where P is the permeability of a membrane in Barrer (1 Bar-
rer ¼ 10�10 cm3(STP)cm/(cm2 s cmHg), V is the volume of the
downstream chamber (cm3), L refers to the thickness of the
membrane (cm), A is the effective area of the membrane (cm2), T is
the operating temperature (K), and the pressure of the feed gas in
the upstream is given by p2 (psia).

The equilibrium isotherm of CO2 was measured at 35 �C using
a Cahn D200 microbalance sorption cell. Prior to test, the micro-
balance was calibrated using the testing gas at various pressures,
the weight gained was plotted as a function of pressure. The system
was evacuated for at least 24 h before loading the sample
(50e100 mg) into the sample pan. The testing gas was fed into the
system at a desired pressure and the gas was absorbed by the
polymer matrix until it reached a state of equilibrium. The weight
gain was recorded and the same steps were repeated to test the
next pressure, the system was not evacuated until the end of the
test. The sample pan was tared to zero under vacuum at each time
when starting a new sample. The sorption coefficient was calcu-
lated by considering the buoyancy force of the polymer in CO2.
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3. Atomistic model and simulation protocol

The 6FDA-ODA polyimide (PI) membrane was constructed
atomistically by the Theodorou/Suter method in the Amorphous
Cell of Materials Studio [34]. The model consisted of one PI chain
with 72 repeat units and 4180 atoms in a three-dimensional peri-
odic cell. The initial packing density was 0.1 g/cm3 and gradually
compressed to a target density of 1.4 g/cm3. To reduce the possible
packing artifacts such as ring catenations and spearing of the PI
chain during compression, 100 N-Methyl-2-pyrrolidone (NMP)
molecules were added randomly into the cell as obstacles. After
reaching the target density, the NMP molecules were removed.
Then the model membrane was subjected to extensive equilibra-
tion procedures consisting of energy minimization, stimulated
compression and annealing, finally a long molecular dynamics
(MD) simulation in a NPTensemble (constant number of molecules,
pressure, and temperature) with temperature and pressure of
308 K and 1 atm. The equilibrated density of the PI membrane was
1.40 g/cm3, fairly close to the experimental value (1.43 g/cm3) [35].
Accurate prediction of membrane density requires not only a good
force field, but also a well-equilibrated model. In addition, polymer
chain length is another factor that may affect density. A model with
short polymer chains usually gives a smaller density and a larger
fraction of free volume due to finite chain-length effect. The
weight-average molar mass of the 6FDA-ODA membrane was
experimentally determined as 48,000 g/mol. However, the model
membrane in the simulation has a mass weight around 43,800 g/
mol, which is 8.8% lower than the experimental value. This could
contribute to the slightly lower density predicted from simulation.
We note that for typical glassy polymer membranes, the deviations
between simulated and experimental densities could be up to 4%
[28,36]. Here the deviation for the 6FDA-ODA membrane is about
2%, implying the accuracy of the model and force filed used in our
simulation.

At the maximum gas pressure (20 atm) in our experiments,
the measured CO2 loading in the PI membrane is 52.5 [cm3 (STP)/
cm3 polymer], approximately corresponding to 80 CO2 molecules
in the simulation cell. To examine the effect of CO2 loading,
a series of PI/CO2 systems were constructed with 5, 10, 20, 40, and
80 CO2 molecules, respectively. CO2 molecules were added into
the equilibrated model membrane at random positions using the
Sorption of Materials Studio [34]. If CO2 molecules and PI atoms
overlapped, the insertion was rejected and a new position was
attempted. Each PI/CO2 system was energetically minimized using
three different methods: (a) conjugate gradient minimization, (b)
programmed minimization combining conjugate gradient mini-
mization with a MD search, and (c) a zero temperature MD
simulation. Thereafter, the configuration of the lowest energy was
chosen for a cycle of annealing process, followed by 0.5 ns NVT
(constant number of particles, temperature, and volume) MD
simulation at 308 K. Finally, 2 ns NPT MD simulation was per-
formed at 308 K and 20 atm. The cell volume and system energy
were found to fluctuate slightly around well-defined averages
over the 2 ns duration, indicating that the system reached
equilibration. As discussed below, upon the dissolution of CO2
molecules, the physical properties of the polymer matrix were
found to change substantially.

To characterize the constructed PI matrix in the absence or
presence of CO2, the glass transition temperature Tg, fractional free
volume and void distribution, as well as the dynamics of PI and CO2

were calculated. For a given system, Tg was determined by the
system volume as a function of temperature. The volume was
obtained from a series of subsequent MD runs, in which the
temperature was quenched from 808 to 308 Kwith 10 K intervals at
constant pressure. At each temperature, the system was
equilibrated for 100 ps and the average volume was determined
from 50 ps production. We found the volume remained nearly the
same in longer MD runs. For PI in the absence of CO2, the pressure
was chosen at 1 atm for comparison with experimental condition;
while for PI/CO2 systems, the pressure was 20 atm to study the
effect of CO2 loading. It was found that the pressure had an insig-
nificant effect on the volume and density of the system. The
mobility of PI and CO2 were estimated by calculating the molecular
displacements fromMD simulation in NVT ensemble. Starting with
the equilibrated configuration mentioned above, another 2 ns MD
simulation was carried out and followed by 18 ns production run.
The displacements were calculated from the time averages of the
trajectories.

The fraction free volume (FFV) and void distribution were esti-
mated by Monte Carlo (MC) simulations. A probe was randomly
inserted into the simulation cell and the insertion was considered
to be successful if the probe did not overlapwith any polymer atom.
The ratio of successful insertions to the total number of insertions
gave the FFV. In this study, the probe used had a radius of 1.0 Å. The
void distribution was estimated by a method previously used for
micro-crystalline materials [37,38]. Specifically, the simulation cell
was divided into three-dimensional fine grids with a size of
approximately 0.1 Å. The void size at a grid was determined as the
diameter of the maximum cavity that encloses the grid and addi-
tionally has no overlap with any polymer atom. To determine the
FFV and void distribution of the swollen PI matrix in a PI/CO2
system, all CO2 molecules were removed and the cell volume was
kept unchanged.

In our simulations, the polymer consistent force field (PCFF)
[39,40] was used. The PCFF consists of bond stretching (Eb), bending
(Eq), torsion (EF), out-of-plane bending (Ec), Lennard-Jones 6e9
(ELJ), and Coulombic potentials (ECoul),

Etotal ¼ EbþEqþEfþEcþEelecþELJ
¼ P

b
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where b;q;f and c represent bond length, bond angle, dihedral
angle or out-of-plane angle formed by pairs, triplets and quadru-
plets, respectively; 30 is the permittivity of vacuum, qi the atomic
charge on atom i, and rij is the distance of between atoms i and j; 3ij
and r0ij are the well depth and collision diameter of the LJ potential,
respectively. The cross-terms have small contributions and were
not included.

All the MD simulations were performed with DL_POLY package
[41,42] using an in-house developed code to convert the structure
files created by Materials Studio. The computation speed with
DL_POLY was one to two orders of magnitude faster than Materials
Studio. The initial velocities were assigned using the Max-
welleBoltzmann distribution at the desired temperature (308 K).
The dispersive interactions were evaluated by the atom-based
method with a spherical cutoff of 12.5 Å and the Coulombic inter-
actions were estimated by the Ewald sumwith an accuracy of 10�6.
The temperature and pressure were controlled by the Nosé-Hoover
method with a relaxation time of 0.8 ps. The equations of motion
were solved by the velocity Verlet algorithm. The time step was 1 fs
and trajectorywas stored every 1 ps. GCMC simulations for sorption
isotherms of CO2 were carried out using the Sorption module in
Materials Studio [34]. Because the chemical potentials of adsorbate
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in adsorbed and bulk phases are identical at thermodynamic
equilibrium, the GCMC simulation allows one to relate the chemical
potentials of adsorbate in both phases and has been widely used to
simulate adsorption. The Metropolis algorithm was used to govern
the trial moves of CO2 molecules, including rotation, translation,
insertion, and deletion. The number of trial moves in a typical
GCMC simulationwas 1.6� 107, inwhich the first half were used for
equilibration and the second half for ensemble averages.

4. Results and discussion

4.1. Experimental permeability, solubility, and diffusivity

Fig. 1 shows the experimental permeability P, solubility coeffi-
cient S, and diffusion coefficient D of CO2 in the 6FDA-ODA
membrane at 35 �C. The P and S were measured by gas permeation
cell and microbalance, respectively; and the Dwas calculated based
on the solution-diffusionmechanismD¼ P/S. As pressure increases,
S decreases monotonically. The reason is that sorption in
a membrane occurs initially at the strongest sites and then at
relatively weaker sites with increasing pressure. In contrast, the D
increases monotonically over the pressure range in this study.
Generally, D decreases with increasing penetrant loading due to
steric hindrance. The observed increase of D as a function of CO2
loading in the PI membrane is attributed to two simultaneous
processes: (1) CO2 is preferentially sorbed at the strongest sites at
low loadings, which retards the mobility of CO2. With increasing
CO2 loading, the strongest sites are saturated and CO2 tends to sorb
at relatively weaker sites; as a consequence, the mobility increases.
(2) CO2 diffuses in the PI matrix by molecular hopping through the
transient opening of free volume due to thermal fluctuations. The
distribution of free volume in the PI/CO2 system depends primarily
on the packing and motion of PI segments, in addition to CO2
sorption. The relation between the diffusion coefficient D of a hard-
sphere fluid and the free volume in a glassy membrane was
proposed by Cohen and Turnbull: D ¼ Aexpð�gv*=vf Þ, where n* is
the critical volume of gap opening to allow a diffusive jump, nf is the
average free volume per sorbedmolecule, and A and g are constants
[43]. The mobility of local chain segments near a diffusing pene-
trant is related to penetrant loading. At a higher CO2 loading, the
polymermatrix is swollen to a larger degree and contains more free
volume; therefore, the diffusion coefficient of CO2 increases.

As a consequence of the opposite trend of the solubility and
diffusion coefficients with increasing pressure, the permeability of
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Fig. 1. Experimental permeability, solubility, and diffusion coefficients of CO2 in 6FDA-
ODA polyimide membrane at 35 �C.
CO2 in the PI membrane exhibits non-monotonic behavior. With
increasing pressure, the permeability initially decreases, passes
a minimum, and then increases. The minimum occurs at approxi-
mately 8 atm of CO2 pressure, which is conventionally referred to as
the “plasticization pressure”. It is intriguing to question what takes
place in the polymer matrix with increasing CO2 pressure up to
8 atm. Plasticization is a time-dependant phenomenon and it is
a formidable task to unravel the detailed mechanism experimen-
tally. As shown below, however, molecular simulation could
provide the microscopic insight into the interactions of CO2-poly-
mer, the free volume distribution, the dynamics of CO2 and polymer
chain, and other important information.

4.2. Interactions of CO2-polymer

The radial distribution function g(r) represents the probability of
finding a pair of atoms at a distance rwith respect to the bulk phase
in a completely random distribution. It is defined by ensemble
average

gABðrÞ ¼ 1
rAB4pr2

PK
t¼1

PNAB
j¼1 DNABðr/r þ drÞ
NAB � K

(3)

where NAB is the total number of atoms A and B in the system, K the
number of time steps, dr the distance interval,DNAB the number of B
(or A) atoms between r to r þ dr around an A (or B) atom, and rAB
the bulk density. Generally, the location of a peak in g(r) can be used
to identify the nearest interaction distance and provide a micro-
scopic picture of the local interatomic environment. Fig. 2 shows
the g(r) of CO2 around four typical atoms of the PI chain; namely,
the oxygen and nitrogen in imide, the fluorine in eCF3 group,
and the oxygen in ether (defined as O1, N1, F, and O2 in the inset,
respectively). Note that the system for Fig. 2 contains 10 CO2
molecules in the simulation cell. The pronounced peaks are
observed in the g(r) of CO2eO1 and CO2eN1 at 3.5 and 5.4 Å,
respectively. This implies that the O1 and N1 atoms in imide are the
preferential sorption sites for CO2. The O2 atoms are relatively weak
as seen from the g(r) of CO2eO2 which exhibits lower peaks at
longer distances, because the O2 atoms are restricted between two
phenyl rings and not readily accessible by sorbate molecules. There
is no distinct peak in the g(r) of CO2eF; therefore, the F atoms have
the least interaction with CO2. The reason is that the bulky eCF3
Fig. 2. Radial distribution functions g(r) of CO2 around O1, N1, F, and O2 atoms of PI
chain (indicated in the inset) at a loading of 10 CO2 molecules in the simulation cell.
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group creates a relatively large local void and the potential field
around is not strong.

The interaction sites may shift with loading and the loading-
dependence is different for various atoms. As shown in Fig. 3, the
peak height in the g(r) of CO2eO1 drops as CO2 loading increases
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Fig. 3. Radial distribution functions g(r) of CO2 around O1, F, and O2 atoms respectively
in PI/CO2 systems at different CO2 loadings with 10, 20, 40, and 80 CO2 molecules in the
simulation cell.
from 10 to 80, similar behavior is also observed for CO2eN1 (not
shown). This is because that O1 and N1 in imide are the preferential
interaction sites, at which CO2 binds initially. With increasing CO2
loading, these sites becomemore or less saturated and CO2 starts to
bind at the less preferential sites such as F and O2 atoms. It is
particularly obvious for the F atoms in Fig. 3b. At a low loading of 10
CO2 molecules, no distinct peak is observed around the F atoms;
however, a sharp peak appears at 3.7 Å when the loading is 20.
Upon further increase of loading to 40 and 80, the peak height
drops as seen in Fig. 3a; implying the F atoms are fully bound with
CO2 molecules. For the O2 atoms in Fig. 3c, because of the steric
hindrance of two phenyl rings, the peak at short distance is not
pronounced at a low CO2 loading.With increasing CO2 loading from
10 to 40, the overall intensity of g(r) increases only slightly. At
a high loading of 80, however the peak at 5.6 Å becomes substan-
tially structured. This is because the increasing interactions
between CO2 and O2 atoms in ether groups lead to a less inter-
segmental rigidity and more flexible polymer chains, which in
turns reduce the steric hindrance for CO2 to interact with the ether
groups.

As will be discussed below, the PI/CO2 systems show stronger
plasticization upon loading variation from 40 to 80 CO2 molecules.
The g(r) of CO2eO1 and CO2eF in Fig. 3(aeb) almost converge at
CO2 loadings of 40 and 80. The convergence suggests that the
interactions of CO2 with O1 (also N1) and F atoms exert an insig-
nificant effect on plasticization. It is reasoned that upon sorption at
the imide and CF3 groups, CO2 molecules point along the direction
of the lone pair electrons in the O1 and F atoms, thus are located
a bit away from the PI backbone and do not strongly affect the
dynamics of PI chain. In contrast, the g(r) of CO2eO2 in Fig. 3c
behaves in a different way because it changes pronouncedly as
loading increases from 40 to 80. The lone pair electrons in the O2
atoms are conjugated with the inter-segmental phenyl rings, and
the charge-transfer between the phenyl rings is reduced when CO2
binds at the O2 atoms. Therefore, the rotation of the oxygen-phenyl
bonds is more favorable resulting in a more flexible PI chain. This
reveals that the interactions between CO2 and ether groups may
promote plasticization in the PI membrane.

4.3. Glass transition temperature, volume dilation, and free volume
distribution

The penetrant-induced glass transition temperature (Tg)
depression and volume dilation are known to occur during CO2
sorption in glassy polymers [22,23]. Fig. 4 shows the cell volumes of
PI and PI/CO2 systems at different CO2 loadings. A distinct kink in
each curve indicates the occurrence of glass transition. Tg of PI in
the absence of CO2 is approximately 589 K, which is slightly higher
than experimentally determined 573 K [35]. A plausible reason
could be that the quench rate in our simulations was typically 10
orders of magnitude faster than in experimental measurements.
The estimated Tg’s of PI/CO2 systems are 583, 582, 571, 543, 522 K
with CO2 loadings of 5, 10, 20, 40, and 80, respectively. The
depression of Tg with increasing CO2 loading is because the sorbed
CO2 enhances the mobility of polymer chains. With 80 CO2 mole-
cules sorbed (w50 cm3 (STP)/cm3), Tg is reduced by 67 �C, which is
in accord with the reduction of 40e50 �C experimentally reported
at a CO2 concentration of 40 cm3 (STP)/cm3 [44].

The volume dilation induced by CO2 was estimated by
comparing the system volumes with that in the absence of CO2.
Table 1 summarizes the relative volume dilation of PI at different
CO2 loadings at 308 K. The volume dilation is small at a low CO2
loading, but gradually increases at higher loadings. This is because
at a low loading CO2 molecules fill the existing voids around the
preferential sorption sites in the polymer matrix. Only after
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a critical loading of 40 CO2 molecules, the polymer matrix is
swollen by sorbed CO2 and the volume is dilated; consequently, we
may infer this critical loading as the onset of plasticization. With 80
CO2 molecules sorbed [52.5 cm3(STP)/cm3 polymer], the relative
volume dilation is 8.2%. This is consistent with a recent simulation
study, inwhich a value of 8.6%was predicted for poly(ether sulfone)
at CO2 concentration of 56.5 cm3(STP)/cm3 [31].

The size and distribution of free volume in polymer membranes
play a substantially important role in sorption and diffusion of gas
species. The fractional free volume (FFV) estimated is given in Table
1 for each system. As CO2 loading increases, the FFV rises because of
the CO2-induced volume dilation and the increased void size in
polymer matrix. Fig. 5 illustrates the morphology of free volume in
the PI and PI/CO2 systems. In the absence of CO2 or at a low CO2
loading, the free volume is dominated by a collection of small voids.
At a high CO2 loading, however, large voids appear and some are
interconnected. A detail analysis for the distribution of void size is
shown in Fig. 6. The voids in PI in the absence of CO2 are narrowly
distributed with radius < 1.6 Å. It is significant to note with
increasing CO2 loading, there are less voids with radius < 1.6 Å but
more voids with radius > 1.6 Å. CO2 has a kinetic radius 1.65 Å;
therefore, the void size would be larger than 1.6 Å upon CO2
sorption and this trend becomes more dominant with more CO2
sorbed. In particular, only w 1% of the voids have radius >2.4 Å at
a low CO2 loading and the percentage increases to 4% and 9% with
40 and 80 CO2 molecules. The mean radius of the voids ranges from
2.5 to 3.3 Å with increasing CO2 loading in the system.

4.4. Sorption of CO2

As mentioned above, the CO2 molecules in the PI/80CO2 system
were removed after equilibration. GCMC simulation was subse-
quently carried out to estimate the sorption isotherm of CO2 in this
dilated PI matrix. As shown in Fig. 7, the simulated loading at
Table 1
Simulated cell length, volume dilation, and fractional free volume (FFV) in PI and PI/
CO2 systems at different CO2 loadings at 308 K. The probe radius used to calculate
FFV was 1.0 Å.

PI PI/5 CO2 PI/10 CO2 PI/20 CO2 PI/40 CO2 PI/80CO2

Cell length (Å) 37.41 37.44 37.48 37.57 37.98 38.40
Volume dilation e 0.3% 0.6% 1.3% 4.7% 8.2%
FFV 0.210 0.211 0.213 0.221 0.241 0.281
20 atm and 308 K was slightly higher than the experimental value.
This was also observed in the simulated isotherms in the PSU55
model membrane [31]. This discrepancy implies that a much longer
time is needed in experiments to reach sorption equilibrium at
a high pressure. Also shown in Fig. 7 is the isotherm from simula-
tion in the PI membrane without considering the volume change.
The simulated isotherms of CO2 in the PI and dilated PI matrixes
were fitted to the dual-mode sorption model

CðPÞ ¼ KHP þ C� bP
1þ bP

(4)

where KH is the solubility coefficient in the Henry regime and C� is
the saturation constant and b is the affinity constant.

To predict the isotherm taking into account the volume dilation,
a simple interpolation was used by assuming a linear change
between solubility and membrane density [31]

CðPÞ ¼
 
1� P

PPI=80CO2

!
CPIðPÞ þ

 
P

PPI=80CO2

!
CPI=80CO2

ðPÞ (5)

where PPI=80CO2
is the pressure 20 atm at which the PI/80CO2 system

was constructed to represent the experimental dilated state. CPIðPÞ
and CPI=80CO2

ðPÞ are the loadings as functions of pressure in the
PI and PI/80CO2 systems, respectively. It is seen that the experi-
mental and simulated isotherms agree fairly well. At high pres-
sures, the simulated extent of sorption was larger than the
experimental measurement, as a consequence of several plausible
factors. First, the sorption process in simulation is fundamentally
different from that in experiments. In the former, CO2molecules are
directly inserted into the favorable sites in the polymer matrix. In
the latter, however, CO2 enters the membrane from the feed side
and then dissolves. Therefore, the rates reaching a steady state are
not the same in the simulation and experiment. Second, the time
scale involved is also significantly different. In practice, plasticiza-
tion is a time-dependent phenomenon and varies with time; while
sorption simulation by the GCMC method does not include the
time-evolution effect and is based on the well-equilibrated poly-
mer matrix. Third, the flexibility of polymer chains is incorporated
in the MD simulation for the dynamics of PI chains and CO2
molecules, but not in the GCMC for sorption. Finally, the assump-
tion for the linear change between solubility and density may not
be accurate. All these factors come into play and lead to the devi-
ations between predicted and experimental isotherms. Therefore,
a more sophisticated simulation is desired by incorporating these
factors to improve the prediction of sorption isotherm.
4.5. Dynamics of PI and CO2

The dynamics of PI chains and CO2molecules can be reflected by
the mean-squared displacement (MSD). the MSD was calculated
from MD trajectory

D
r2ðtÞ

E
¼ 1

N

XN
i¼1

D���riðtÞ � rið0Þ
��2E (6)

where riðtÞ is the position of the ith atom at time t and brackets
denotes the ensemble average. To improve statistical accuracy, the
multi-time origin method was used to calculate the MSD. The PI
backbone is composed primarily of aromatic carbon atoms;
therefore, the MSD of these atoms was used to examine the
dynamics of PI chains. At low loadings with 5, 10, and 20 CO2
molecules shown in Fig. 8, the MSDs are almost flat within 9 ns MD
run, which implies a small mobility of the polymer chains. As the
loading increases to 40 and 80, the mobility is enhanced. This is



Fig. 5. Morphology of free volume in (a) PI and (bed) PI/CO2 systems at different CO2 loadings with 10, 20, 40, and 80 CO2 molecules in the simulation cell.
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because the sorbed CO2 molecules swell polymer chains, leads to
volume dilation and larger voids. The pronounced enhancement in
the mobility at 40 CO2 loading may suggest the incipient point of
plasticization.

Fig. 9 shows the MSDs of CO2 molecules in PI/CO2 systems at
different CO2 loadings. The slight fluctuations near the end of 18 ns
are due to the insufficient data for statistics. The CO2 mobility in the
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increasing interactions between CO2 and polymer, the mobility of
polymer chains increases, volume dilatation occurs, and larger voids
appear; which in turn enhance CO2mobility. Similar to Fig. 8, a large
magnitude of enhancement is seen in theMSD at a loading of 40 CO2
molecules. The diffusion coefficient of CO2 can be in-principle
calculated using the Einstein relationship for normal diffusion, in
which the MSD changes linearly with time in the logarithmic scale.
Nevertheless, the polymer chains of the glassy PI membrane are
rather rigid and the diffusion of CO2 is largely retarded; conse-
quently, CO2 cannot reach normal diffusion within a nanosecond
time scale. This is a common problem in molecular simulation
studies to predict the diffusion coefficients in glassy membranes
[28,31]; and advanced simulation technique is required. For
example, the transition-state theory has been used; however, it is
mostly applicable for spherical penetrants at infinite dilution.

The dynamic pattern of CO2 molecule in the host PI membrane
can be analyzed in detail by tracing its displacement and trajectory.
Fig. 10a shows the displacement jr(t) � r(0)j of a single CO2 mole-
cule during 18 ns MD run for different PI/CO2 systems. The
displacement represents a common hopping mechanism, showing
that for a considerable time interval the CO2 molecule is trapped in
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a void and occasionally jumps into a neighboring void. The trapped
CO2 molecule exhibits oscillation and no net diffusion occurs. The
jumping frequency depends on the dynamics of polymer segments
and the inter-connection of voids. At a low loading with 5 CO2
molecules, the CO2 molecule selected for plot in Fig. 10a jumps only
twice within 18 ns duration. The other four CO2 molecules (not
plotted) are trapped in their initial voids over the whole 18 ns.
Fig. 10b shows the two-dimensional XeY trajectory for the center-
of-mass of the selected CO2molecule. Apparently, the CO2molecule
is largely trapped and exhibits small mobility in either X or Y
direction. With increasing to 20 CO2 molecules, the CO2 molecule
jumps more frequently. At a much larger loading with 80 CO2
molecules, the jumping motion is significantly enhanced, as
reflected in the higher frequency and longer distance. This reveals
the existence of larger and more continuous voids at a higher CO2
loading, as discussed in Figs. 4e6, which provide more free space
for CO2 to diffuse. In addition, we find that the oscillation of CO2
when trapped in a void is related to the void size. At a high loading,
the oscillation amplitude is greater because of the larger voids
present in the polymer matrix.

Generally, the dynamics of gas molecules in a polymer matrix
are classified into three types, namely, trapped, jumping, and
continuous motions [45]. To further unravel the mechanism of CO2
in a PI/CO2 system, the percentages of these three different motions



Table 2
Percentages of jumping, trapped, and continuousmotions of CO2 in PI/CO2 systems at
different CO2 loadings with 5, 10, 20, 40, and 80 CO2 molecules in the simulation cell.

PI/5 CO2 PI/10 CO2 PI/20 CO2 PI/40 CO2 PI/80CO2

Pjumping 0.38 0.78 1.53 2.31 2.21
Ptrapped 91.61 88.09 84.15 74.79 69.58
Pcontinuous 8.01 11.13 14.32 22.90 28.21

L. Zhang et al. / Polymer 51 (2010) 4439e4447 4447
were estimated on the basis of CO2 displacement. More specifically,
if the displacement in a 1-ps duration was larger than the average
diameter of the voids, the motion was classified as jumping. Next,
five subsequent displacements were fitted to a linear line and if the
slope of the line was less than 0.05 Å/ps, the motion was regarded
as trapped [46,47]. The percentages of the jumping and trapped
motions were counted in the whole trajectory, and the rest was the
continuous motion. Table 2 gives the time-averaged percentages of
jumping, trapped, and continuousmotions of CO2 in PI/CO2 systems
at different CO2 loadings. The percentage of jumping motion is
rather small compared to the other two motions, and increases
slightly from low loadings but tends to remain as a constant at high
loadings. While the percentage of the continuous motion increases
with increasing CO2 loading, the opposite is true for the trapped
motion. The jumping and continuous motions are considered to be
effective in diffusion, and their overall percentages increase
monotonically as CO2 loading increases. Therefore, as seen in Figs. 9
and 10, CO2 diffusion is enhanced with increasing loading and the
primary contribution is the continuous motion.
5. Conclusions

We have investigated CO2-induced plasticization in 6FDA-ODA
polyimide membrane by combining experimental and simulation
techniques. As found from experiments, the diffusion coefficient of
CO2 increases with increasing pressure, in contrast to the solubility
coefficient. The permeability exhibits a minimum at a plasticization
pressure of 8 atm. The general feature of experimental sorption
isotherm is captured well by simulation. Because of the differences
in sorption process and model used, however, deviations are
observed between experiments and simulation. From the simu-
lated structure analysis, the initial CO2 sorption occurs preferen-
tially at the imide groups, and then at the ether and CF3 groupswith
increasing CO2 loading. At high pressures, the interactions of CO2
with the ether groups have a stronger effect on the mobility of
polyimide chains. Therefore, we suggest that a polymer with fewer
ether groups could suppress the plasticization induced by CO2
sorption.

At low loadings, CO2 molecules are largely trapped by the voids
in the polymer matrix and have small mobility. With increasing
loading, CO2 molecules jump more frequently with higher
frequency and longer distance. The percentage of jumping motion
is small and varies marginally with loading. CO2 diffusion is
contributed primarily from the continuousmotion, which increases
in percentage as CO2 loading increases. The polyimide chains are
swollen gradually upon increase of CO2 loading and showenhanced
mobility. This leads significantly to the depression of glass transi-
tion temperature, volume dilation, increase of fractional free
volume, and appearance of large voids. The glass transition
temperature of the polyimide is 589 K, and reduces to 583, 582, 571,
543, 522 K with CO2 loadings of 5, 10, 20, 40, and 80, respectively.
The volume dilation is small at low loadings, but increases with
loading. Small voids prevail dominantly in the polymer matrix at
low loadings; however, larger and interconnected voids are
observed at high loadings. The mean radius of voids increases from
2.5 to 3.3 Å with increasing CO2 loading. There is a pronounced
enhancement in the mobility of both CO2 molecules and polyimide
chains when CO2 loading approaches 40, which might be the
incipient point of plasticization. The mechanistic understanding of
CO2-induced plasticization in the polyimide membrane from
a microscopic level is critical to the new development of high-
performance polymeric membranes.
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