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ABSTRACT: We present a combined analysis of the free volume in polyimide membrane polymers by
employing experimental measurements as well as computer simulations. The amount and distribution
of free volume in polymeric membranes significantly determine the transport and separation properties.
In the present work these free volume characteristics were determined directly from simulated atomistic
packing models via a new method. Here a “virtual tracer sphere” probes the simulation cell to determine
the unoccupied volume. As an experimental approach, positron annihilation lifetime spectroscopy was
used to determine the average size of free volume cavities via a well-established correlation between
orthopositronium lifetime and cavity size. We show that the results obtained from the combined analysis
provide a valuable basis for the investigation of free volume properties; moreover, limitations of the
standard model for the evolution of the positron lifetime data will be discussed.

Introduction

Membranes for separation of gases and vapors are
increasingly investigated and applied for many technical
applications. Examples can be found in the recovery of
process gases in the chemical industry. In particular,
glassy polymers are used due to the ease of production,
modification, and operation at low temperatures. Special
care has to be taken to create polymers with a high free
volume as the free volume in glassy polymers is widely
accepted as a crucial factor affecting efficiency of
membrane applications.1-3 One common class of mem-
brane polymers are aromatic polyimides,4 where the
rigid backbone gives rise to a high free volume fraction.
Conversely, conventional polymers like polystyrene and
polypropylene are not perfectly suited due to their low
free volume fraction. Good correlation between free
volume and diffusivities of gas molecules has been
reported.5 At a first glance, the free volume can be easily
calculated as the difference between the overall volume
and the volume occupied by molecular segments (Bondi
method6) or experimentally determined from positron
lifetime in connection with pressure-volume-temper-
ature (PVT) experiments.7 However, for membrane
applications, only that part of the free volume is
important which is accessible to the diffusing species.
Thus, the accessible free volume will be the object of
this investigation.

A common experimental approach to determine the
free volume in polymers is given by the positron
annihilation lifetime spectroscopy (PALS). Positrons
obtained from radioactive decay annihilate with elec-
trons in the polymer material. Some of the positrons
and electrons form a hydrogen atom like state called
positronium inside free volume cavities in the polymer.
If the spins of electron and positron add to a value of

one, annihilation of this orthopositronium (o-Ps) is
impeded, reducing the decay rate drastically. Now the
interaction of the o-Ps with the electrons in the sur-
rounding material will be the reason for annihilation
because an exchange of the electrons can change the
state of the orthopositronium into the fast decaying
para-state. Thus, the local electron density, which is
lower in larger holes, becomes a measure for the hole
size.

The average decay rate of orthopositronium in the
polymer is measured and correlated to the average size
of the microvoids via a well-established semiempirical
equation.8-10 Assuming the positronium to be confined
in a spherical potential well of infinite wall height, the
Schrödinger equation for the particle can be formulated
and solved analytically. Integration of the probability
density function in an electron layer of fixed annihila-
tion rate and experimentally calibrated width yields the
relation between hole radius and positronium lifetime:

where τo-Ps denotes the reciprocal orthopositronium
decay rate, λ0 the spin-averaged decay rate, Rh the hole
radius, and δR the thickness of the electron layer.

This average free volume has frequently been used
to characterize membrane properties.11-13 However, the
main problem is that is does not give any insight into
size distributions of free volume which is the objective
of the present investigation.

On the other hand, increasing computation power
allows detailed and accurate molecular modeling of
polymer structures consisting of several thousand at-
oms. Hence, it is now possible to make well-equilibrated
packing models for glassy polymer structures.14 We have
developed a new method15 to evaluate the accessible free
volume by probing the simulation cell with a “virtual
tracer sphere” in order to obtain insight into hole size
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distribution, concentration, shape, and total volume
fraction of accessible free volume.

In this paper, we will combine these two methods by
applying them to aromatic polyimides with a high glass
transition temperature ∼350 °C and a high free volume;
some formed by including the 6FDA group (hexafluoro-
isopropane dianhydride), which is a promising candidate
to membrane applications due to the rigid hindrance of
close polymer chain packing16 (see above). Although
various polyimides are known to be strong positronium
inhibitors, this does apparently not apply to the 6FDA-
based polyimides.17 We will show results indicating the
good correlation of free volume determined from these
two very different methods, and we will discuss the
suitability of the combination to comparison with trans-
port mechanisms in polymer membranes.

Experimental Section
Sample Preparation. The poly(amide imide) PAI was

synthesized by direct polycondensation of dicarboxylic acid A
(see Scheme 1) with diamine (6FDANH2) following the Yamaza-
ki route which was developed originally for polyamide.18 The
dicarboxylic acid A including the imide structure was synthe-
sized reacting 1,2,4-benzenetricarboxylic anhydride (trimellitic
anhydride) with 3-amino-4-methylbenzoic acid. This procedure
for the PAI preparation with triphenyl phosphite (TPP),
pyridine, and LiCl as reagents was described by Fritsch and
Peinemann.19-21 Homogeneous, pore-free films were prepared
from N-methyl-2-pyrolidone (NMP) solutions. Residual solvent
was removed by solvent exchange with methanol and drying
to constant weight in a vacuum oven at 120 °C.

The polyimides BAAF and PI4 were prepared by a two-step
method.22,23 First, a polyamic acid was synthesized by adding
solid 2,2′-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhy-
dride (6FDA) to a solution of recrystallized diamine (Scheme
2) in freshly distilled NMP. The dianhydride-to-diamine molar
ratio was maintained at 1:1. The reaction mixture was stirred
for at least 20 h at room temperature to form a highly viscous
polyamic acid/NMP solution. Then it was imidized to form
polyimide. The cyclization was achieved by chemical imidiza-
tion through the addition of a weak base (triethylamine) and
a dehydrating agent (acetic anhydride) into the polyamic acid
solution and then reacted for 3 h at 50 °C.

The polymers were recovered by precipitation twice in
methanol, followed by an intensive washing with methanol and
deionized water. The polymers were dried overnight at 150
°C in a vacuum oven. Homogeneous, pore-free films were
prepared from NMP solutions. The filtered solution was casted
onto a glass plate using a surgical knife and dried at 80 °C for
12 h. The polyimide films were removed from the glass plate
with water, dried at 80 °C, and then finally dried in oil pump
vacuum at 150 °C for at least 48 h.

Table 2 contains, next to names for the polymers used in
other experimental investigations, the density of the samples
and the observed glass transition temperature detected by
either differential scanning calorimetry (DSC) or dynamical
mechanical thermal analysis (DMTA). The molecular weights
were determined by GPC. The mobile phase was CHCl3 for
PI4 and THF for BAAF and PAI. Mn and Mw were calculated
from universal calibration curves obtained from polystyrene
standards. As an example for the gas transport properties of
the investigated material, also the solubility coefficient and
diffusion coefficient of oxygen are presented which were
determined by time-lag experiments at 30 °C and 1 bar feed
pressure. Further physical properties of the investigated
polymers may be found in the literature, e.g., for PAI,24

BAAF,25 and for PI4.26

Positron Annihilation. Before measuring, all films were
rinsed with methanol to remove surface contamination. Sub-
sequently, all samples were annealed in high vacuum at 100
°C for >24 h. For measurements, the temperature was set to
30 °C to allow future comparison with permeation measure-
ments. The pressure was kept below 10-6 mbar to avoid
occupation of cavities by gas molecules and annihilation in air.
PALS measurements were performed using a fast-fast coin-
cidence setup.24 As a positron source, radioactive 22Na (in the
form of NaCl, in aqueous solution) was applied between two
film cuts of 9 × 9 mm2 to obtain a so-called sandwich geometry.
To meet the penetration depth of positrons emitted by 22Na,
film samples were stacked to a resulting thickness of 1 mm
each side, typically 10 pieces of 100 µm on each side. Because
of this and the high-vacuum conditions surface contributions
and contributions from annihilation in air could be neglected.
Almost simultaneous to the emission of a positron from the
decaying 22Na, a 1.28 MeV γ-quantum is emitted, serving as
a “start” signal for lifetime measurement. The “stop” signal is
given by one of the two 511 keV γ-quanta emitted from
positron annihilation. A multichannel analyzer recorded spec-

Scheme 1. Reaction Scheme for the PAI Preparation

Scheme 2. Schematic Way for the Polyimide Preparation
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tra consisting of 8 × 106 of such events for the polyimides and
4 × 106 for poly(amide imide) due to a lower source activity.
Spectra analysis was performed with the discrete lifetime
analysis routine PATFIT88 similar to previous investiga-
tions.24 All spectra were evaluated with three discrete lifetime
components, of which the third one τ3 is assigned to the decay
of orthopositronium. The lower lifetime components originate
from decay processes not directly related to free volume size
and will not be discussed here.

In general, polyimides are known to strongly suppress
positronium formation (Ps inhibition). The model system
PMDA-ODA (Kapton) shows no significant long lifetime
component, although the aromatic backbone structure should
provide sufficiently large free volume holes for accommodation
of positronium. However, this inhibition effect seems to be not
specific to all polyimides but mainly depends on the chemistry
of the dianhydride.27 Okamoto et al. have demonstrated that
the inhibition and quenching effect of the 6FDA seems to be
negligible. The occurrence of a pronounced long lifetime
component in our measurements is in good accordance with
their observations.

The three-component lifetime analysis gave a small fit error
on all investigated polyimides, indicating that no further
lifetimes occurred. This was also cross checked by data
evaluation with the continuous lifetime distribution analysis
routine MELT.28 Discrete lifetimes and maxima in the distri-
bution coincided well. We did also take into account the known
difficulties of evaluation with distributions of free volume and
hence distribution in τ3 leading to improper τ1 values.29

However, a conversion of the width of the lifetime distribution
to a width in free volume cavity distributions is not useful due
to the simplifications of the conversion (eq 1) and the weighting
factor of the large cavities for lifetimes (see below). Table 3
lists the values of the orthopositronium lifetimes of the three
polyimides under investigation. The hole radii calculated with
eq 1 are listed in Table 3.

The order of magnitude of the positronium lifetimes is the
expected one for high free volume membrane polymers and
for polyimides in particular, as comparison with literature
shows.13,24

Molecular Modeling
Details of Modeling. Amorphous packing models

were constructed and simulated for the three polymers

by means of the InsightII/Discover software of Accelrys
Inc.30 The general approach for the atomistic packing
model construction is described in ref 31. The basis for
the calculation is the force field, i.e., the summarized
parameter set describing energy contributions from
bond length, bond angles, conformation angles, and the
nonbond interactions. For PAI first the cvff force
field32,33 was chosen and later, as for the polyimides PI4
and BAAF, the more recent COMPASS force field34,35

of Accelrys. The calculations have been performed on
two SGI Octane machines and an 8-processor SGI 2100.

The principal course of the packing algorithm for a
polymer was as follows: In a first stage a repeat unit
was built. The polymer chains were constructed using
the polymerizer module36 of the Accelrys software. The
chains were then subjected to a static structural opti-
mization via a steepest decent energy minimization. The
resulting objects served as topological templates for an
initial guess filling of periodic boxes with chain seg-
ments. It should be mentioned that by using periodic
boundary conditions, finally all segments are continued
over the limits of the basic volume cell as part of copies
of the originally grown chain. For this initial packing
procedure the Theodorou-Suter approach37,38 was used.
The polymer chains were packed at 300 K under cubic
periodic boundary conditions. The volume of the basic
cell was chosen that a very low initial packing density
of typically 0.1 g/cm3 was obtained. This helped already
to avoid artifacts of catenated phenylene rings or
spearing of side groups through ring substructures

Table 1. Polyimide Structures and Their Building Blocks

Table 2. Physical Properties of the Investigated Polymers

polymer name density (g/cm3) Tg (°C) Mw (kg/mol) Mw/Mn SO2 (1/bar) DO2 (10-8 cm3/s)

PI4 6FDA-3MPD 1.32 380 316 2.2 2.29 52
6FDA-DAM

BAAF 6FDA-BAAF 1.47 303 96 1.3 0.95 10
6FDA-6FpDA

PAI 1.39 355a 90 1.8 0.40 3
a From DMTA (see ref 24).

Table 3. Orthopositronium Lifetimes and Calculated
Hole Radii from Eq 1a

polymer τo-Ps hole radius

PI4 3.7 ns ( 10 ps 0.4075 nm ( 0.6 pm
BAAF 3.23 ns ( 17 ps 0.3788 nm ( 1.0 pm
PAI 2.82 ns ( 103 ps 0.3513 nm ( 7.2 pm

a In place of errors, the standard deviation from PATFIT results
are given. The higher deviation value of PAI can be explained with
the lower count number and a lower signal intensity.
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which may appear. Additionally during the initial
packing a set of small molecules have been added as
randomly distributed obstacles, preventing the respec-
tive growing polymer chains from ring catenations and
spearings. Details of these approach for the polyimides
are summarized in ref 14.

All initial packing models consisting of about 4500
atoms (60-80 repeat units) had then to be subjected to
extensive equilibration procedures (see also ref 14)
containing (1) energy minimization and MD runs com-
bined with “scaling” of conformation energy terms and
nonbonded interaction energy terms in the force field,
(2) sets of MD runs to increase the density, and (3)
longer MD runs for the final equilibration.

At least three independent packing models were build
for every polymer. These models correspond to three
different possible local chain segment assemblies of the
respective polymer. The quality of the final packing
models was validated at first by stable density fluctua-
tions around the experimental density during longer (at
least 300 ps) MD runs at constant pressure of P ) 1
bar. A further check was the calculation of gas transport
data for small gases on the basis of these packing
models. For nitrogen and oxygen, both gas solubility and
diffusion coefficient have been determined with the
Gusev-Suter transition state theory.39 Good agreement
with experiment (factor 1-4) was found. The respective
calculations are described for PI4 and BAAF in ref 14
and for PAI in ref 40.

Evaluation of the Modeling Data. The evaluation
of the simulation results is based on a three-dimensional
raster with a mesh width of 5 pm. By attributing atomic
van der Waals radii to the atom positions in the results
data, certain areas in the raster cell can be marked as
occupied by atoms.15

To probe the “accessible” free volume, we used a
“tracer” sphere of radius 0.15 nm, which is the size of
small gas molecules, and tested the whole MD cell,
whether this atom fits into unoccupied space and how
large the corresponding hole is. However, the “accessible
free volume” can be significantly smaller than the
unoccupied volume fraction, and its properties depend
on the tracer radius.

In the simulation cells investigated in this work, up
to several hundred isolated (separated) holes were
detected. The resulting lists of holes were then analyzed
with respect to size, number, and shape, so that
information about hole density and size distribution is
available. Figure 1 shows a typical hole size distribution

for the polyimide BAAF as detected with a tracer of
radius 0.15 nm.

Obviously, larger holes occur with a lower probability
than small holes, and the occurrence decreases mono-
tonically with the hole volume, showing no concentra-
tion of holes in any certain volume interval. Simple
averaging over the data in Figure 1 gives a mean value
of 0.0584 nm3 (number-average); however, this value
will not be useful with respect to further evaluations.
Weighted averages will be discussed in connection with
comparison to positronium lifetime.

Another information which can be derived from this
is the absolute amount of free volume in the simulation
cell. We have a number of holes of given size or size
interval, and we have their respective volume. From this
we can calculate the absolute value of fractional free
volume for the respective tracer size. As the size of the
simulation cell is known, we can easily calculate the
fractional free volume by dividing the absolute amount
of free volume of all cavities by the volume of the cell.
Fractional free volume ranges from 7% to 10% for a
tracer sphere of 0.15 nm radius, which is in good
accordance with literature values.41 The same holds for
the hole concentration, which can be calculated by
counting the absolute number of holes in the simulation
cells and dividing this value by the respective cell
volume. Typical values of 1021 cm-3 are obtained from
this method.

Comparison of the Two Methods

In the following, a comparison between the average
free volume size as resolved by the positron annihilation
and the free volume, as determined from the MD
simulation will be made. To the authors knowledge,
there is only one attempt42 to directly calculate the
positron lifetime for each volume element of a MD cell.
Although done with great care, even for simple polsty-
rene a difference of a factor of 3 between experiment
and calculation remains due to uncertainties in model-
ing the positron decay process.42 Hence, for the present,
much more complex polyimides we did not use this
model but restricted ourselves to comparison of suitable
averaged values.

As already mentioned in the previous paragraph, a
simple averaging over the number of the free volume
holes is not useful because the small holes do not
contribute significantly to the membrane and transport
properties; hence, a weighting step will be necessary.
Up to this point, the relative contribution of the hole
size to the total amount of free volume is not included.
Therefore, the hole volume itself is introduced as a
weighting factor, so that a large number of small holes
will have the same weight as small amount of large
holes. The modified graph in Figure 2 shows the
distribution of the accessible free volume with respect
to the hole size.

As a measure for comparing the weighted hole num-
bers with experimental data, a new “mean value” V50
was defined in analogy to a median value. V50 splits
the total available volume into two halves; i.e., 50% of
the available free volume is smaller than this value
(please note: this does not mean that 50% of the holes
are smaller; the hole volume is included in the calcula-
tion as a weighting factor). If all holes would be spheres
and equally be probed by the positronium, the average
volume from positron lifetime should be equal to this
V50.

Figure 1. Hole size distribution in BAAF for tracer radius
0.15 nm, up to 0.150 nm3.
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The corresponding values are summarized in Table
4. The error in VPALS is derived from the error in the
positron lifetime. Concerning V50, we evaluated up to
three different MD cells and give all results in Table 4,
third column. Simple averaging is feasible, but as a
closer inspection of data and corresponding MD cells
shows, some cells show exceptionally high values of free
volume, agglomerated into one big, jagged hole. We
assume that this is an artifact due to the small size of
the MD cell. Therefore, it is useful to neglect these
values while averaging, and the corresponding reason-

able mean values are plotted in Figure 2 and listed in
Table 4, fourth column. The agreement is generally
good, and in particular the tendency comparing the
different polyimides is good. However, the average free
volume as determined by positron annihilation is always
larger than the V50. Possible explanations for this are
discussed in the following.

Although it is known that larger holes are not
spherical,15 this cannot explain the deviation discussed
above because for a given volume the lifetime inside the
sphere is always the largest one.43 Hence, for a mea-
sured lifetime the volume of the sphere attributed via
eq 1 is always the smallest one possible.

When the “virtual tracer sphere” is used to probe a
simulation cell, the sphere radius becomes a crucial
factor. Although positronium and hydrogen atom have
the same size in Bohr’s model, this can obviously not
be transferred to the van der Waals radius of the
positronium. The details of tracer size effects will be
treated in a following paper.

The most important deviation might be attributed to
the tendency of the positronium to probe several holes
after formation, as the positronium diffusion length is
of the order of 15 nm.44 Moreover, the trapping prob-
ability is not known and might depend on the size of
the respective hole.

Therefore, the main reasons for the remaining devia-
tion can be attributed to the details of the interaction
of the positronium with the sample and will be included
in a more detailed analysis.

In conclusion, it has been shown that free volume,
which is a key quantity for polymeric membranes, can
be determined by positron annihilation, and the quanti-
ties are in good accordance with results from evaluation
of MD simulations.
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