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ABSTRACT: Experimental sorption and dilation data of the polysulfone/CO2 system at 308 K and pressures up
to 50 bar were measured utilizing a gravimetric sorption balance and a dilatometer based on a capacitive distance
sensor. The data of this glassy polymer/gas system were subjected to a thorough kinetic analysis on the basis of
a viscoelastic model, which allows the separation of the diffusive/elastic fraction of the sorption/dilation process
from the slower relaxational part. The results were interpreted in terms of the common dual mode sorption model
and the site distribution model of Kirchheim. Detailed atomistic packing models of the same polymer/gas system
were created for two reference states with regard to concentration and swelling. The CO2 sorption isotherms of
the packing models corresponding to these two swelling states, calculated using GCMC simulations, could be
combined in order to interpolate the gas uptake over the intermediate pressure range with good agreement to the
experimental data. The elastic part of the gas induced dilation is successfully described by MD simulations and
derived partial molar volumes are in satisfying agreement with experimental findings. Finally, thefreeVolumeof
the packing models is probed and the obtained size distribution of thefree Volumeelements is compared to the
results of the analysis of experimental data according to the site distribution model.

Introduction

Amorphous polymers are widely used in applications where
solubility and mobility of carbon dioxide (CO2) in the polymeric
matrix are crucial to the performance of the material. Because
of its plasticizing ability, supercritical CO2 can be used as a
plasticizer in processing applications.1 The phenomenon of
penetrant induced plasticization of glassy polymers is also
observed in gas separation membranes,2 where the associated
changes in the polymer structure at elevated concentrations of
penetrant molecules lead to a reduction of separation perfor-
mance, i.e., a decrease in permselectivity. To control the sorption
and swelling behavior of glassy polymer/gas systems, a deeper
understanding of these phenomena on the molecular level is
necessary. Therefore, in the present work, we make an attempt
to combine laboratory experiments with detailed atomistic
molecular dynamic simulations and the interpretation in the
framework of phenomenological models.

While molecular modeling based on common molecular
mechanics and molecular dynamics (MM/MD) techniques gives
the opportunity to directly observe certain properties of the
polymer/gas system such as the mobility of backbone atoms or
penetrants or thefreeVolumedistribution, established analysis
methods allow an indirect determination of other properties such
as the diffusion coefficient and solubility of penetrant mol-
ecules.3 However, the time scale of such simulations is limited
to a few nanoseconds, and therefore, it is not possible to directly
simulate relaxations of the glassy matrix as they are observed
experimentally. Experiments, on the other hand, yield results
of the real macroscopic system, and although molecular details
cannot be observed individually, the accumulated effects permit
the analysis through models on a statistical or phenomenological
basis. It is the aim of this work to survey new approaches of a

combined analysis of experimental and modeling results and
to establish, where possible, a convergence of boundary
conditions or, alternatively, an identification and isolation of
comparable aspects of these seemingly incompatible methods
of research. To this effect, phenomenological models are utilized
as a means of interpretation of experimental data as well as to
construe modeling results and thereby putting the assumptions
and implications of these models to the test.

The well-known dual mode sorption model (DM model)4,5

is the most widely used model to describe gas sorption in glassy
polymers due to its easy applicability and the ability to
successfully describe sorption in a wide variety of polymer/gas
systems. Although the initial assumption of two distinct
penetrant populations could not be clearly confirmed,11 the
concept has proven to be flexible6,7 and the parameters are
beyond their physical interpretation a valuable means to
interpolate or exchange data.8

Several other authors successfully developed other phenom-
enological models to describe or predict penetrant concentration
in glassy polymers. Most of these models approach sorption
from the thermodynamic point of view,9-12 often treating the
system of polymer matrix,free Volume, and penetrants as a
lattice of partly occupied sites,13-15 extending earlier models
of lattice fluids16 by introducing order parameters that describe
the nonequilibrium nature of the glassy state. The associated
dilation of the polymer matrix, if explicitly considered, is in
most cases treated as an overall property of the matrix, i.e.,
analogous to the thermal expansion coefficient, specific volume,
or density.

However, the main focus of this work is to discuss the
experimental results in the framework of the site distribution
model (SD model) that was developed by Kirchheim.17,18

Although this model does not incorporate relaxational swelling
of the matrix, its main feature comprises the penetrant induced
elastic stresses, which have been recognized by Newns.19 Newns
suggested that the second-stage sorption of vapors into glassy
polymers (cf., following section) is controlled by the rates of
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relaxations in the polymer. The rapid initial stage of sorption,
following Fickian diffusion kinetics until a quasi-equilibrium
is reached, was thought to induce stresses within the polymer
matrix. Limited mobility of the matrix would lead to a relaxation
of the stresses and hence a decrease in chemical potential of
sorbed penetrant molecules relative to the gas or vapor phase.
This again would lead to a self-sustaining cycle of sorption
induced stresses and relaxations which is only limited by the
ability of the matrix to relax stresses and thus by the (concentra-
tion dependent) plasticizing ability of the penetrant molecule.

Following this interpretation, to understand relaxational
swelling behavior, the forces that lead to the softening and
subsequent relaxation need to be understood. In contrast to the
thermodynamic approach, the SD model relates the distribution
of sorption site volumes to a distribution of corresponding site
energies. In this mechanical view, thepartial molar Volume
connects the solubility of penetrant molecules to the structure
of the free Volumeof the polymer matrix and thus provides a
favorable basis of comparison to detailed atomistic packing
models.

Because the aim of this work is also to attempt a new
approach on the combined analysis of simulated and experi-
mental data, a polymer/gas system was chosen, which shows
both the sorption and dilation characteristics under considera-
tion and which has been widely discussed in the literature, to
enable classification of the data obtained in this work. As is
shown in Figure 1, a number of authors have published data on
carbon dioxide (CO2) sorption in polysulfone (PSU).20-26 Erb
and Paul25 examined polysulfone samples that wereaged(free
Volume reduction by sub-Tg annealing) orconditioned(free
Volumeincrease by high pressure CO2 treatment). The resulting
isotherms approximately mark the lower and upper boundaries
of sorption data at a temperature of 35°C. Aside from a variety
of different experimental setups, the sample prehistory, which
is not always known, and the experimental time scale seem to
be the main causes of the observed differences. As can be seen
from Figure 1, the primary sorption data gathered in this work
show that, during the time of an incremental sorption run, the
state of aconditionedsample is reached, i.e., the measured CO2

concentration meets the extrapolated dual mode sorption fit of
ref 25, implying the sample to be conditioned during the
measurement as would be expected. On the other hand, the
elastic fraction (see kinetic analysis section) of this work’s data
seems to resemble better the behavior of theagedsample in
ref 25.

The following two sections specify the equipment used in
our laboratory experiments, briefly recapitulate the applied
phenomenological models and give the equations needed in the
examination. Subsequently, the packing procedures for the
detailed atomistic models and the respective analysis methods
are shortly presented. Results of the diverse investigations and
their combination are shown and discussed in detail thereafter,
and the final section shortly summarizes and concludes this
work.

Experimental Section

Material. Poly(sulfone) is a high-performance thermoplast used
in a variety of applications and therefore readily available from a
number of different suppliers; its chemical structure is given in
Figure 2. In our study, Ultrason S was obtained from BASF AG,
Germany, as a melt-extruded film of 100µm thickness. DSC
measurements showed noncrystallinity and a glass transition at
190 °C. Measurements in a density gradient column yielded a
density ofF ) 1.24 g/cm3.

Carbon dioxide (CO2) of purity >99.995% was used as received
from Air Liquide Deutschland GmbH.

Sorption. Gravimetric sorption measurements were carried out
using an electronic microbalance Sartorius M25D-P from Sartorius
GmbH Göttingen. Details of the setup have been described in a
previous publication,33 and only the main features should be noted
here: The balance is situated in a pressure cell designed to bear
pressures well over 50 bar. The temperature of the setup is held
constant by an air bath at 35( 0.1°C. Deviating from ref 33, data
acquisition was computer aided, recording the signal of the
microbalance automatically at a rate of 0.5 s-1.

The film sample of uniform thickness is cut into several pieces
(∼10 mm× 10 mm× 0.1 mm) and put onto the balance pan inside
the cell, which is then evacuated atp < 10-5 mbar until any
significant weight change has ceased. After degassing of the sample,
the CO2 pressure is increased in a series of stepwise increments,
and the weight gain∆m of the sample is observed for at least
24 h at each step (Figure 3). As the effect of buoyancy is nearly
instantaneous, compared to the slower kinetics of the weight gain
due to sorption, it is easily eliminated from the data.

The weight gain is converted into the commonly used units of
cm3 (STP)/cm3 (polymer) using

whereV̂id is the volume of a an ideal gas at standard conditions
(STP),M̂CO2 the molar mass of CO2, andF0 andm0 the density and
mass of the polymer prior to any measurement, respectively.

Figure 1. Concentration-pressure isotherms of the PSU-CO2 system
at 35°C; (b, k): this work; (4, 3): Erb and Paul;25 (s): dual-mode
sorption fits of ref 25; (O): data of refs 20-24,26. For the definition
and derivation of the elastic fraction of this work’s data, refer to the
kinetic analysis section in the text.

Figure 2. (a) Chemical structure of poly(sulfone) (PSU) and the
corresponding equilibrated model of a single repeat unit (b). Atoms
are represented by spheres of van der Waals radii: sulfur (S): yellow;
oxygen (O): red; carbon (C): gray; hydrogen (H): white.

C )
V̂id∆m

M̂CO2

‚
F0

m0
(1)
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Dilation. Various techniques to measure sorptive dilation of
glassy polymers are reported in the literature. While earlier methods
were based on visual readouts,27,28 more recently, induction
gauges,29,30,38 ellipsometry,31 or image analysis32 are utilized to
monitor the swelling of polymer/gas systems. In this work, the
volume changes in the sample due to sorption of gas molecules
were investigated using a gas pressure dilatometer, whose principle
is shown in Figure 4 and which has been described in more detail
in ref 33. It is based on a capacitive distance measuring system:

A strip (∼20 mm× 10 mm× 0.1 mm) of the sample film is
clamped at both ends. The upper clamp is fixed to the cell wall,
while at the lower end, a small metal disk is attached perpendicular
to the film plane. Thus the disk is suspended freely above the
capacitance sensor, serving as its counter plate. Distance changes
between the two plates of this capacitor can be measured linearly
within a range of 1000µm and with an accuracy of 0.25µm. The
weight of the lower clamp and metal disk (<10 g) is not expected
to significantly influence the measurement, as the exerted stress is
almost 3 orders of magnitude below the yield stress of the PSU
specimen.

Similarly to the sorption setup, the dilatometer is placed in a
pressure cell which is held at constant temperature by an air bath.
In contrast to ref 33, a second sensor has been added to the chamber
with a fixed distance to its counter plate; its signal is used to
eliminate the effects due to dielectric changes of the gas atmosphere.

The Labview-based software allows data acquisition rates of up
to 1 s-1. Following the same procedure as in the sorption
measurements, after thorough degassing, the length change of the
sample is recorded for a series of pressure increments, and at least
24 h observation time per step were scheduled.

Assuming isotropic swelling, the length change∆l of the sample
can be easily converted to volume change∆V using

wherel0 andV0 denote the initial length and volume of the sample.
Kinetic Analysis. Generally, three cases of diffusion of pen-

etrants in glassy polymers are distinguished:34 (1) case I or Fickian
diffusion in which the rate of diffusion is much less than that of
relaxation; (2) case II diffusion in which diffusion is very rapid
compared with the relaxation processes; (3) non-Fickian or
anomalous diffusion, which occurs when diffusion and relaxation
rates are at a comparable level.

For the obtained data of CO2 diffusion into glassy PSU at 308 K,
the shape of the mass uptake curve (Figure 3) implies anomalous
diffusion with a two-stage sorption process, where the initial rapid
stage is controlled by Fickian diffusion, whereas the second stage
is dominated by relaxational processes of the polymer matrix. The
same two-stage behavior is observed for the dilation curve (Figure
5). Thus, for a detailed analysis of the kinetics of sorption and
dilation, the following model function has been fitted to the sorption
and dilation data, respectively:

where

and

X(t) denotes the time dependent change of mass and length,
respectively. The first term on the right side of eq 3 reflects Fickian
diffusion kinetics into a plane sheet of thicknessd/2 as derived by
Crank34 (eq 4). It contains the diffusion coefficientD and the
diffusive fraction of the mass uptakeXf as fit parameters. Sufficient
accuracy was achieved using the first three terms in the summation
of eq 4 for calculations, while higher order terms were dropped
for practical reasons (n e 2).

To account for non-Fickian diffusion, two exponential relaxation
functionsg1 andg2 are implemented with the relaxational fraction
Xgi and the thickness normalized relaxation timesτi as fit parameters.
It should be noted that the normalization of the relaxation times is
done for convenient comparison to the diffusion coefficient and
should not imply a thickness dependence.

This approach was proposed by Berens and Hopfenberg35 based
on the treatment of solvent-vapor sorption in glassy polymers. In
their model, the kinetics of vapor sorption are considered to be a
linear superposition of independent contributions from Fickian
diffusion and sorption controlled by relaxational processes of the
polymer matrix. In general, the relaxational contribution may be
written as an infinite sum of exponential functions representing first
order relaxations. However, one or two relaxational terms have
proven to successfully describe even complex sorption data.35,36

Figure 3. Representative mass uptake signal in PSU/CO2 (9) and best
fit of the viscoelastic model eq 3 (s). Pressure step 25-30 bar. The
buoyancy effect is easily discernible.

Figure 4. Principle of the dilatometer based on a capacitance sensor.

∆V/V0 ) (1 + ∆l/l0)
3 - 1 (2)

Figure 5. Representative dilation signal in PSU/CO2 (9) and best fit
of eq 3 (s). Pressure step 25-30 bar. Note that, at long observation
times (>104 s), a lower acquisition rate allows a reduction of the
oscillatory scatter through averaging of the signal over several seconds.

X(t) ) Xf ‚ f(t,D) + Xg1‚g1(t,τ1) + Xg2‚g2(t,τ2) (3)

f(t,D) ) 1 - ∑
n)0

∞ 8

(2n + 1)2π2
exp{-D(2n + 1)2π2t/d2} (4)

gi(t,τi) ) 1 - exp{-t/(d2τi)} (5)
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Wessling et al.36 applied this method to CO2 sorption in glassy
polyimides and suggested using the same kinetic model to fit the
corresponding CO2 induced dilation.

As a typical example for the behavior in the PSU/CO2 system,
Figure 6 shows mass uptake and dilation of the pressure step 25-
30 bar that are shown in Figures 3 and 5, normalized to the
diffusive/elastic fractionXf and on a thickness normalized loga-
rithmic time scale. As can be easily seen, there is a clear relation
between the time scales of the different processes involved in
sorption and dilation, respectively. This leads to the viscoelastic
interpretation by Newns,19 as discussed in the Introduction: eq 3
is the mathematical representation of a spring and dashpot model,37

as shown in Figure 7.
A spring accounts for the elastic stresses imposed during the

initial, rapid stage of sorption of penetrant molecules. Because this
reaction of the matrix is nearly instantaneous, the slower kinetics
of diffusion into the matrix is controlling the process and eq 4
applies to this elastic fraction of dilation. Two Voigt-Kelvin
elements (parallel spring and dashpot) represent the viscoelastic
relaxations of the polymer matrix. Their time constantsτi, normal-
ized to the film thicknessd, are of the orderτi ≈ 108‚‚‚109 s/cm2,
whereas the reciprocal diffusion coefficient is aboutD-1 ≈
107 s/cm2 for CO2 in PSU at 308 K at a CO2 pressure of 30 bar
(see Figure 6).

In the following, the first part, with kinetics controlled by Fickian
diffusion, will be referred to as thediffusiVe fraction of sorption

and elastic fraction of dilation, respectively (the terms “Fickian
diffusion fraction”, “diffusive fraction”, and “elastic fraction” all
denote the same fraction of sorption or dilationXf, as determined
by eq 3 and are used synonymously). As there is no explicit relation
of the relaxation functionsgi to specific molecular motions or
processes assumed here, both relaxational contributions will be
discussed in terms of one relaxational fraction of sorption or dilation,
meaning the sum of both relaxational functions at the end of an
experimental measurement cycle.

The respective contributions for each pressure step may now be
added up, resulting in separate isotherms of the diffusive/elastic
and the relaxational fraction, which may be further analyzed.

Sorptive Dilation in Glassy Polymers.To describe both sorption
and dilation phenomena in glassy polymer/gas systems, several
models have been developed in the past.4,11-15,17 In this work, for
description of the experimental results, in addition to the most
widely used dual mode sorption model (DM model), the site
distribution model (SD model) has been selected because it is the
only well-founded thermodynamic model, considering sorption and
dilation in glassy polymers, which also provides a structural picture
of the free volume distribution. The latter allows furthermore a
direct comparison with the analysis of detailed atomistic molecular
packing models.

Both phenomenological model approaches will be shortly
described in the following. Furthermore, the relevance of the partial
molar volume (pmv) and its relation to the structure of glassy
polymers is emphasized.

Dual Mode Sorption model (DM). The DM model4,5 assumes
two types of sorption mechanisms in a glassy polymer. One is a
simple dissolution process according to Henry’s law, where the
concentration of the penetrant moleculesCd depends linearly on
the pressurep. The second mechanism is believed to arise from
sorption into microcavities that are frozen-in below the glass
transition temperature of the polymer matrix. The concentration
Ch of this population of sorbed gas molecules is related to the
pressurep by the Langmuir isotherm. The relation between
penetrant concentration and pressure adds up to:

where kd is the Henry’s law solubility coefficient,Ch′ the hole
saturation constant, andb the hole affinity constant.

Site-Distribution Model (SD). The site distribution model,
introduced by Kirchheim,17 considers density fluctuations of the
polymer matrix in the liquid or rubbery state above the glass
transition temperature. Passing the glass transition temperature, the
mobility of the polymer matrix is frozen-in, and the Gaussian
distribution of this volume is preserved in the glassy state. The
intermediate holes in the polymer matrix should have a Gaussian
size distribution of volumes as well and are considered as sorption
sites for penetrant molecules.

If a penetrant molecule, regarded as an elastic sphere of volume
Vg, occupies a spherical hole in an elastic matrix (sorption site) of
smaller volumeVh, it was shown that the elastic energy stored in
the matrix can be expressed as38

whereµs is the shear modulus of the polymer andγ′ is a constant
that is related to elastic properties of the polymer and penetrant.

If the Gibbs free energy of sorptionG is considered as the sum
of this elastic energyGel and the total of all other interactionsGr,
which is assumed as equal for all sites, it was shown17 that eqs 7
and 8 lead to a Gaussian distribution of site energies as well:

Figure 6. Mass uptake (- - -) and dilation (s) in the PSU/CO2 system
on a thickness normalized logarithmic time scale after a pressure step
from 25-30 bar. A clear correlation between sorption and dilation can
be seen in the kinetically separated fractions. The hatched area
represents an extrapolation according to the respective best fit
parameters (eq 3).

Figure 7. Spring and dashpot model to represent viscoelastic behavior.

C ) Cd + Ch ) kd p +
Ch′bp

1 + bp
(6)

Gel )
2µs

3γ'

(Vh - Vg)
2

Vh0
, Vh e Vg (7)
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The widths of these distributions

contain the average hole volumeVh0 as well as the glass temperature
Tg and bulk modulusB of the polymer.

Assuming similar bulk moduli for polymer and penetrant, an
estimate ofN0 ) 6 × 1021 cm-3 for the number of sorption sites,17

and thermal occupancy of the sorption sites following Fermi-Dirac
statistics, the penetrant concentrationC(µ) and the induced volume
change∆V(µ) can be derived:

whereµ is the chemical potential, which is related to the pressure
via

with µ0 being the standard value forp ) p0 ) 1 bar.
The site energy of the average sorption site with volumeVh0

and the width of the site energy distribution (eq 10) have been
varied to obtain a best fit of eq 11 to the sorption data. The resulting
values are then used as input for eq 12 to obtain a best fit to the
dilation data by varying the parameterVh0.

The SD model has been criticized39 for relying on “educated
guesses” concerning the shape of the distribution eq 8 and the
number of sorption sitesN0. It will be shown later in this work
that an analysis of thefree Volumeof detailed atomistic packing
models supplies valuable information about these parameters.

Partial Molar Volume (pmv). The molar volumeV̂i of a pure
species may be defined as the ratio between its volumeVi and its
quantityN̂i, measured in moles, at a given temperature and pressure:

Formally, the partial molar volumeṼi of a speciesi in a mixed
system of volumeV is defined as the variation of the volume with
the amount of substanceN̂i of speciesi and constant amount of
other speciesN̂j

In practice, it may be measured as the ratio of the change in the
volume of the system∆V and in the number of molecules∆N̂i of
speciesi:

In liquids or rubbery polymers, the mobility of the matrix is
sufficient to compensate the insertion of a penetrant molecule into
a site of free volume such that the latter is kept constant. In this
case, the relaxation around a penetrant molecule is complete and
the pmv Ṽi may be regarded as a propertyV̂g,i of the penetrant
phase of speciesi:

In glassy polymers, the situation is different. The mobility of
the matrix is limited, and therefore occupation of free volume cannot
be fully compensated within reasonable time scales. The consump-
tion of free volume by the penetrant molecules leads to a smaller
partial molar volume, which must now be regarded as a property
of the matrix/penetrant system. A mechanical interpretation of this
phenomenon is provided by Eshelby:40 The volume change∆V̂ of
an elastic continuum containing a spherical hole of volumeV̂h, upon
occupation of this hole with an elastic sphere of volumeV̂g,i g V̂h,
is given by

where const) 1 if penetrant and matrix have the same elastic
properties. The partial molar volumeṼi therefore reveals information
about the structure of thefreeVolume, provided that the penetrant
phase volumeV̂g,i is known and the matrix can be regarded as an
elastic medium.

The site distribution model arises from this very picture, ascribing
the distribution of site energiesG to their elastic partGel (eq 7),
resulting from a size distribution of holes (eq 8). Consequently,
the dilation (eq 12) is expressed as a summation of the misfit
between all penetrant molecules and the occupied sorption sites
(eq 19).

For convenience, the indexi will be dropped in the following
where the molar volume (in liquids or rubbers)V̂g and the partial
molar volumeṼp refer to the penetrant species CO2. For an overview
over selected notations used in this work, see also the Appendix.

Atomistic Packing Models.Modeling Details.For the molecular
simulations described in detail in the following paragraphs, the
Insight II (4.0.0p), Cerius2, as well as the Materials Studio (3.2)
software of Accelrys, Inc. (San Diego, CA), was used. Amorphous
polymer packing models were constructed using the Theodorou-
Suter method41,42 as implemented in the Amorphous_Cell module;43

MD simulations were performed with the Discover engine using
the COMPASS force field;44,45 for the Gusev-Suter calculations
(transition state theory),46-48 the programs GSnet and GSdiff were
used. Grand canonical Monte Carlo (GCMC) simulations of sorption
isotherms were realized with the Solid_Sorption module of the
Cerius2 package of Accelrys. The Insight II and Cerius2 software
modules were run on SGI Octane workstations, while the Materials
Studio software was used on PC hardware as well as on an 42
Opteron processor Linux server. MD simulation runs were per-
formed with Discover on all three platforms.

Amorphous atomistic packing models have been prepared for
pure PSU at 308 K and a bulk pressure of 1 bar. These “unswollen”
models are calledPSU. Additional packing models have been
prepared for the swollen state of a CO2/polymer system, corre-
sponding to the maximum gas pressure in our experiments of
50 bar. For the polymer chain of 94 repeat units, i.e., 5078 atoms,
the respective loading, taken from the sorption experiment, corre-
sponds to 80 CO2 molecules, which have to be packed in addition
to the chain into the simulation box. Therefore, these packing
models are named in this publicationPSU80. To obtain reasonable
statistics, three packing models were created for each state (i.e.,
PSU and PSU80); all subsequent quantitative analyses of these
models were then obtained as a mean value over the respective
packing models. Table 1 summarizes the necessary data derived
from combined sorption and dilation experiments, which specify
the specific two “states” observed in the experiment that represent
the basis for the packing models.

n(Vh) )
N0

σVxπ
exp(-

(Vh - Vh0)
2

σ
V

2 ) (8)

n(G) )
N0

σGxπ
exp(-

(G - G0)
2

σG
2 ) (9)

σV ) x2kTgVh0/B, σG ) σV

2µs(Vg
2 - Vh0

2)

3γVh0
2

(10)

C(µ) ) ∫-∞

+∞
n(G) dG/(1 + exp[(G- µ )/kT]) (11)

∆V(µ)
V0

) ∫-∞

+∞ (Vg - Vh(G))n(G) dG

1 + exp[(G - µ )/kT]
(12)

µ ) µ0 + kT ln[p/p0] (13)

G0 ) Gr +
2µs

3γ′
(Vg - Vh0)

2

Vh0
(14)

V̂i )
Vi

N̂i
|

T,p

(15)

Ṽi ) ∂V

∂N̂i
|

T,p,N̂j

(16)

Ṽi ) ∆V

∆N̂i

(17)

Ṽi ) V̂g,i (18)

∆V̂ ) const‚(V̂g,i - V̂h) ) Ṽi (19)
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The densities in the last right column of Table 1 represent the
target densities for the gas/polymer models. For the swollen and
unswollen state of the polymer, three independent atomistic bulk
models were realized. The details of the preparation of such
atomistic packing models for the swollen state with respect to
experimental sorption and dilation data is described in a recent
publication49 for the systems PES/CO2 and PSU/CO2. It should
be noted that the swollen state for PSU at 50 bar in that publication
corresponds to the older experimental sorption measurement,33 with
a lower sorption value (and different dilation value), and accordingly
to only 55 CO2 molecules per polymer chain of 94 repeat units.

The applied basic techniques of packing and equilibration (MM
and MD) are completely described elsewhere.3,49-51 However, a
summary of the specific approach applied here to obtain the
respective models will be given in the following. For the initial
packing of swollen PSU models, a polymer chain was grown under
periodic boundary conditions at 308 K and at a density of about
10% of the experimental value in a simulation box, where 400 CO2

molecules were already distributed at random as obstacles to avoid
packing artifacts, such as ring catenations, of the growing chain.
For the growing of the chain the Theodorou-Suter method was
used, as mentioned above. Then, in this “initial packing”, CO2

molecules were deleted randomly until the CO2 concentration was
adjusted to the experimental value. With a longer set of successive
MD simulations, a compression and stimulated annealing of the
initial packing was carried out until (with additionalNVTand finally
NpT-MD simulations) well-equilibrated packing models had been
obtained that showed stable volume fluctuations under the experi-
mental pressure (e.g., 50 bar forPSU80, see Figure 8) at a density
close enough to the given experimental value. (In molecular
dynamics simulations, an NVT-MD refers to an MD simulation at
constant number of particles (atoms)N, volume of the simulation
cell V, and temperatureT, whereas in anNpT-MD, the pressurep
is held constant instead of the volume.) By removing all CO2

molecules from such a final model without readjusting the volume,
models were derived that contained only the polymer matrix. These
models were namedPSU80m. They were later utilized to character-
ize the free volume distribution of the swollen state. Models for

the “pure” (unswollen) polymer statePSUwere built by deleting
all CO2 from the initial packing and subsequent equilibration and
thereby adjusting the volume until the target density was reached
and stable underNpT-MD runs.

Analysis Methods and Tools.Size Distribution of the Free
Volume.Several definitions of free volume in glassy polymers are
employed in the literature,49 depending on the method of evaluation
or the subject under investigation. In this work, the accessible free
volume based on the insertion of a test particle is used. To estimate
the size distributions of free volume elements (FVEs), a recently
developed computer program50 was applied to validated packing
models. The free volume is derived by the superimposition of a
fine grid over the cubic packing model. At every grid point, a hard
sphere is inserted as a test particle. If the test particle overlaps with
any atoms of the polymer matrix, which are also represented by
hard spheres of van der Waals radii, the grid point is classified as
“occupied”. If there is no overlap, the grid point is considered as
“free” and contributes to the free volume. Neighboring free grid
points are collected into groups that represent individual holes. The
grouping is done in two ways. In the first approach (named
V_connect), affiliation to a group is defined through next neigh-
borship: every point of a group has at least one next neighbor that
is also member of this group. This approach identifies holes, which
may be of complex shape and of large volume. In a second approach
(namedR_max) for every free grid point, the distance to the nearest
matrix atom is determined. By calculation of the gradient, the grid
points are assigned to the nearest local maximum in this distance.
The R_max approach may divide larger free volume regions of
elongated or highly complex shape into smaller, more compact
regions. Originally introduced to match better the situation in
positron annihilation lifetime spectroscopy experiments (PALS; for
a more detailed discussion in this context, see ref 49; for PALS
data on PSU, see refs 52,53 and for a study relating PALS with
the site distribution model, see ref 54) where the positronium probe
can obviously not completely sample very large holes of complex
topology, the second approach also seems more adequate to depict
the environment of a sorbed molecule: An oblong hole that is
constricted at some point would be regarded as a single hole by

Table 1. Experimental Values Used to Specify the Simulated Packing Models Named in the First Column

polymer/name
of state

p(CO2)
[bar]

C(CO2)
[cm3(STP)/cm3]

C(CO2)
[mol/mol(r.u.)]

dilation
dV/V

density polymer
[g cm-3]

density packinga

[g cm-3]

PSU 0b 0.0 0.000 0.00 1.240 1.240
PSU80 50 53.4 0.85 0.067 1.162 1.260

a Target density of the packing model including the CO2 molecules.b Bulk pressure of 1 bar.

Figure 8. Single packing model for swollen polysulfone at 50 bar CO2 pressure and 308 K (PSU80) in its representation as molecule chain
containing 94 monomer units as depicted in Figure 2b (a) and as one simulation cell with three-dimensional periodic boundary conditions (3D-
PBC) applied (b). Edge length of the simulation cell is 39.3 Å; CO2 is displayed as a triatomic molecule in dark gray.
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theV_connect method. However, a penetrant molecule would have
to jump an energy barrier to pass this bottleneck and therefore “see”
two separate sorption sites. By defining a hole according to the
R_max method, this separation would be recognized.

To visualize the free volume obtained by these methods, it does
not suffice to display the simulation cell as a whole (Figure 8b)
because the matrix molecules obstruct the view and the great
number of holes interfere with each other if displayed together. To
get a better impression, the simulation cell is cut into slices of about
8 Å thickness. Figure 9 shows the centerpiece of one unswollen

packing model (PSU) and of one swollen model (PSU80). For better
viewing, matrix atoms are displayed in “stick style”. At free grid
points, a sphere of test particle size is displayed and colored
according to group affiliation for clarity, if necessary. It should be
noted that, due to the slicing process and to periodic boundary
conditions, some matrix atoms as well as FVEs appear fragmented
or continue on the opposite side.

The subdivision of sites by theR_max method compared to the
V_connect method can best be seen for the FVEs of the swollen
model (PSU80) in Figure 9b: in Figure 9b.1, the FVEs contained

Figure 9. Visualization of free volume elements (FVEs) present in slices of 8 Å taken from a packing model of nonswollen polysulfone (PSU, a)
and of swollen polysulfone (PSU80, b). Free grid points are represented by a probe-sized sphere and colored according to their interconnectivity
as defined by theV_connect (1) and theR_max method (2) for better contrast. The FVEs ofPSU80according to theV_connect method (b.1) are
represented by their surfaces and the CO2 molecules (dark-gray triatomic molecules) are included to show their location within the FVEs. Matrix
atoms and bonds are represented as sticks (light gray) to get a better view at the FVEs. Figure c.1 shows a single FVE, containing three CO2, as
detected by theV_connect method in comparison to the same FVE analyzed by theR_max approach (c.2).
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in a single slice taken from the center of aPSU80packing model
are shown represented by their surfaces. Partial transparency of
these surfaces allows seeing the CO2 molecules at their respective
locations inside the cavities. In Figure 9b.2, the same cavities are
represented by solid spheres colored according to theR_max
analysis. Here the subdivision of connected free volume regions
into individual sorption sites can clearly be seen. Although some
penetrants seem to cluster inside the two especially large cavities,
theR_max method in Figure 9b.2 reveals the separation (in terms
of local constrictions) of connected “free” grid points into smaller
groups forming sorption sites. The relevance of theR_max method
to the detection of sorption sites becomes especially obvious if the
FVEs containing CO2 are enlarged and viewed individually (Figure
9c).

To quantify the volume for each definition of a free volume
element, the number of lattice cells (or “cubelets”) belonging to a
group was considered. To further approximate the value for the
volume that can be occupied by the probe molecules placed on
“free” grid points, (and not only the occupied part with respect to
the center of the probe), a correction is made49 for cubelets
positioned at the “surface” of the FVEs.

Figure 10 shows quantitatively the shift of the size distribution
between the unswollen state (PSU) and the swollen state (PSU80),
which represents the system at 35°C and 50 bar CO2. The plot
shows the fractional contribution to thefreeVolumeversus the radius
of a volume-equivalent sphere representing the cavity size, as is
common in the literature concerning PALS experiments (but in
contrast to Figure 19). The bar diagrams each represent the mean
value of three packing models for the respective state. Compared
to the unswollen state, the swollen state shows a decrease in the
number of sites of smallest volumes and an increase of medium
sized and large FVEs. The area of each diagram may serve as a
measure for the total accessiblefreeVolume. This area is larger for
the swollen state, i.e., the totalfree Volumeincreases. Because of
the decreasing number of FVEs, their average size increases. This
can be seen in Figure 10, where the maximum of the size
distribution of the swollen state is shifted by about 2 Å to alarger
value of 3-3.5 Å with respect to the radius of equivalent spheres.

CO2 Sorption in Swollen and Unswollen Packing Models of
PSU.The atomistic packing models of the swollen and unswollen
state were used to calculate CO2 sorption isotherms, assuming a
rigid polymer matrix and therefore exclusively using the free volume
elements of the matrix as sorption sites. This was carried out by
grand canonical Monte Carlo (GCMC) simulations. This well-
documented technique permits the calculation of phase equilibria
between gas and sorbate phase. The properties of the sorbed CO2

molecules in the FVEs of the polymer matrix are calculated by
statistical sampling of molecular configurations that are consistent
with temperature and chemical potential of the penetrants. Assuming
phase equilibrium, the chemical potential is calculated from the
gas phase at the specified temperature and pressure using an
adequate equation of state (here: Peng Robinson).

Results

The application of the kinetic analysis, described in the
Experimental Section, yields the fractions of mass uptake
(sorption) and volume change (dilation) that follow diffusive/
elastic and relaxational kinetics for each experimental step,
respectively. The resulting values for each pressure step are
added, resulting in two separate isotherms (diffusive/elastic and
relaxational). Summation of the two parts gives the total
isotherm as it is usually presented. Because a more detailed
discussion of the relaxational fractions is beyond the scope of
this work, here the focus is on the total isotherms and the
diffusive/elastic fractions.

Sorption of CO2 in PSU at 35 °C. Dual Mode Sorption
Analysis.This work’s sorption data of PSU/CO2 at 35 °C are
presented in Figure 11, together with the DM fit curves of Erb
and Paul,25 defining the boundaries of experimental values for
PSU/CO2 as discussed in the Introduction (see Figure 1).

The data of ref 24 are included in the plot to show that, even
if the same material and the same experimental equipment is
used, deviating isotherms may result, mainly due to sample
prehistory but also differing analysis methods and small
improvements in experimental setup. However, both isotherms
lie within the range of literature data that is marked by Erb and
Paul,25 as already mentioned in the Introduction. The DM
parameters of all sorption isotherms available in the literature
are compiled in Table 2. The data of refs 20-26 were extracted
from scanned plots and their values determined computer aided.
For better comparison, least-squares fits of eq 6 (DM model)
were performed with all literature data. The parameters are given
in Table 2 along with the originally reported parameters, where
available. As often reported and confirmed by Figure 11, the
DM model is able to describe the data very well. However, the
dual mode sorption parameters show a clear dependence on the
maximum pressure.55 This dependence is quite strong at
pressures below 20 bar for the PSU/CO2 system, hence it is
recommended to use the parameters for interpolation only.
Despite this, in Figures 1 and 11, the DM fit curves based on
the data of Erb and Paul are extrapolated to 50 bar to roughly
show the range of experimental data on PSU/CO2 and to
emphasize the conditioning effect that takes place during the
measurement.

Figure 12 shows the dependence of the DM model parameters
on the maximum pressure that is included in the fit. At a pressure
of aboutpmax ) 20 bar, the dependency levels off. Speaking in
terms of the model, Langmuir mode sorption seems to be
complete at this pressure, so the Henry’s law solubility

Figure 10. Size distribution of the fractionalfree Volume of the
unswollen (PSU) and swollen (PSU80) packing models as detected by
the R_max method. Figure 11. Sorption isotherm of CO2 in PSU: Experimental data (b),

elastic fraction of experimental data (k), DM fits to experimental data
(s), experimental data of ref 24 (O), and DM fit from ref 25,
extrapolated to 50 bar (‚‚‚ ).
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koefficient kd may be determined with reasonable certainty.
Parameters of the literature data as compiled in Table 2 fit well
into this scheme (open symbols).

Grand Canonical Monte Carlo (GCMC) Simulation.
Sorption of gas molecules at elevated pressures is accompanied
by a dilation of the polymer matrix. Because the dilation is in
part relaxational, the direct molecular dynamics simulation of
the processes would be too time-consuming to be realized.
Therefore, Heuchel et al.49 recently introduced the concept of
using preswollen packing models to represent high concentration
states of polymer/gas systems. If this approach proves to be
adequate, the concept, although still dependent on experimental
input, will further improve the understanding of the processes
involved.

In the previous section, the packing procedure of two
atomistic models of polysulfone,PSUandPSU80, was described
in detail. They were built to represent the original unswollen
state of polysulfone (PSU), and the high concentration, swollen
state of the polysulfone/CO2 system at 50 bar (PSU80). To verify
the capability of these models to describe CO2 solubility in
polysulfone, grand canonical Monte Carlo (GCMC) simulations
were performed on both packing models, in the case ofPSU80,
after removal of the 80 CO2 molecules (models denoted as
PSU80m). The GCMC technique allows the calculation of phase
equilibria between the gas phase and the penetrant phase. The
calculations were carried out on a single configurational
“snapshot” of the packing models, i.e., the position of matrix
atoms was fixed. The calculated concentration therefore re-
sembles a “hole filling” without taking into account the swelling
of the matrix.

This approach was used to determine concentration-pressure
isotherms for both packing models with the result shown in
Figure 13. Table 3 gives the parameters that best represent the
calculated concentration in the swollen (PSU80) and unswollen
(PSU) atomistic model, in addition to the DM parameters
obtained for epxerimental data of this work. The calculated
sorption isotherm for the unswollen model (PSU) shows good
agreement to the experimental data in the low pressure range.
The expected deviation at higher pressures can be understood
in terms of a saturation of the above-mentioned “hole filling”
process of the matrix at fixed density and accounts for the low
value of thekd parameter. Likewise, the overestimation of
experimental data by the “hole filling” of the swollen model is
accounted for: thePSU80 packing model was designed to
accommodate the experimental concentration of CO2 at the
indicated point (50 bar) in Figure 13 and to match its density.
Therefore, its matrix is overly open at low pressures to be
compared to experimental data but expectedly meets the
experimental concentration at the highest pressure.

The two static reference states show good agreement only in
a small pressure interval corresponding to the represented state.
To overcome the disagreement between experiment and simula-
tion at intermediate pressures, a transition between unswollen
and swollen state must be achieved. The most obvious difference
betweenPSU and PSU80are their densities. In the nonequi-
librium thermodynamics of glassy polymers (NET-GP) model,
introduced by Doghieri and Sarti,15 the density of the polymer
matrix is used to describe the nonequilibrium character of glassy
polymer/gas systems. To predict sorption isotherms, at each
pressure and given density of the matrix, the Gibbs free energy
is minimized to calculate the equilibrium concentration of
penetrants from pure component data. This corresponds exactly

Table 2. Dual Mode Sorption Parameters for PSU/CO2 from Available Experimental Data in the Literature

fit of eq 6 to extracted literature data reported literature parameters

reference comment
pmax

[bar]
kd

[cm3(STP)/cm3bar]
Ch

[cm3(STP)/cm3]
b

[1/bar]
kd

b

[bar]
Ch′

[cm3(STP)/cm3]
bb

[1/bar]

Erb and Paul25 conditioned sample 20 0.697 21.53 0.322
aged sample 20 0.459 15.06 0.242

Wang et al.22 as receiveda 2.5 0.724 9.683 0.594 0.383 13.3 0.396
Chiou et al.20 cast sample 20 0.711 19.58 0.357 0.716 19.2 0.385

extruded sample 20 0.699 17.82 0.283 0.655 17.9 0.322
McHattie et al.23 cast sample 20 0.661 20.73 0.262 0.718 19.6 0.257
Wang et al.21 as receiveda 2.5 1.50 5.854 0.821 0.681 11.5 0.415
Kamiya et al.26 first sorption run 50 0.564 16.59 0.211

second sorption run 50 0.421 26.29 0.221
Böhning et al.24 same material as this work 40 0.468 15.93 0.396 0.446 16.74 0.354

a The documented parameters give a best fit through the extracted data, but disagree with the parameters given by the original authors. At this low
pressure range of 2.5 bar, different sets of parameter values describe the data equally well.b Except for ref 24, the original parameters were reported in units
of cm3(STP)/cm3/atm and 1/atm respectively and were converted to cm3(STP)/cm3/bar and 1/bar using a factor of 1.01325 atm/bar.

Figure 12. Dependence of model parameters on the maximum pressure
used for fitting. DM parameters (9, b, [), DM parameters gained from
literature data (0, O, ]), SD parameters (left solid triangle, right solid
triangle) and SD parameters of elastic fraction (half-solid left triangle,
half-solid right triangle). Lines are drawn to guide the eye.

Figure 13. Sorption isotherm of CO2 in PSU: experimental data (b),
GCMC simulation onPSU (2) andPSU80(1), DM fits (- - - ), and
linear weighted average of DM fits (s) (cf. text).
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to the GCMC calculations on thePSU and PSU80 model
packings at the pressures 0 and 50 bar. For intermediate
pressures, the assumption of a linear change in density with
pressure can be adopted to accomplish the transition between
PSU and PSU80. Assuming the relationship between density
and solubility to be linear as well, the transition may be
mathematically expressed as a linearly weighted average of both
isotherms:

wherepPSU80 is the pressure at whichPSU80was designed to
represent the swollen state (p ) 50 bar).Ch PSU(p) andCh PSU80(p)
are functions of the pressurep that best represent the calculated
data points. The resulting sorption isotherm describes the
experimental data rather well, as can be seen in Figure 13 and
by comparison of the DM parameters listed in Table 3.

Site Distribution. Figure 14 shows the measured sorption
data (total sorption) and the corresponding diffusive fraction
as well as the respective representation by the site distribution
model (eq 9). Following Kirchheim,17 data above 20 bar were
excluded from the fit because the model does not account for
relaxational swelling of the matrix, which becomes significant
at CO2 pressures above 20 bar. Figure 12 shows also the
dependence of the parametersĜ0 andσ̂G of the SD model. It is
obvious that the SD model parameters do not depend as strongly
on the maximum pressure included in the fit as the DM model
parameters do. However, if data above 20 bar are included in
the fit, both parametersĜ0 and σ̂G decrease slightly with
increasing maximum pressure included in the fit (see Figure
12).

This result is consistent with the model: if relaxational
swelling takes place, the average site volume should rise and
therefore the elastic energy necessary to occupy the site
decreases, hence additional sorption occurs. Also, as plasticiza-
tion is progressing, i.e., the mobility of the matrix is significantly
increased, stresses induced in the matrix upon gas sorption are
easier to be relaxed and, as the differences in site energy lessen,

the distribution of Gaussian shape decays to a Dirac delta
function (one site energy for all sites). As more and more data
points are included in the fit, both effects, swelling and
plasticization, change the structure of the amorphous polymer
matrix, and the result of the SD model fit that should give
information about the original structure of the matrix is altered.
In fact, the kinetic analysis indicates that relaxational swelling
in the PSU/CO2 system seems to take place at even lower
pressures than 20 bar. On the other hand, the parameters that
give the best fit to the data become less reliable when fewer
data points are taken into account. Therefore, following the
interpretation of elastic/diffusive sorption that was discussed
in the Experimental Section and abiding to the supposedorigin
of the distribution of site energies as stated by eqs 7-9, it is
plausible to include the diffusive fraction of sorption only to
obtain the parameters of the site energy distribution. It must be
noted that, even if only the diffusive fraction is taken into
account, the structural changes of the matrix are taking place
nonetheless, increasing the width of the site distribution. Yet,
at the regarded levels of concentration, this change does not
lead to significant differences in the diffusive fraction of
sorption. Therefore, it is justified to utilize the complete diffusive
fraction of the sorption isotherm to obtain structural information
of the original matrix.

Figure 14 shows also the SD fit through the diffusive fraction
of sorption. The whole set of data is represented very well. The
parameters of the fit are documented in Table 4, along with
best fit parameters obtained from extracted literature data, here
using data below 20 bar only. The parameters obtained from
data for PSU/CO2 of Kamiya et al.26 had been summarized by
Kirchheim 17 as Ĝ0 ) Ĥ0 - TŜ0 ) -16 + 0.115‚T kJ/mol
before.

All values for the parametersĜ0 andσ̂G of the Gaussian site
energy distributions agree within 15%, with the exception of
the values obtained using the number of sitesN0 ) NV_connect

according to theV•connect method. To our knowledge, not
many site distribution parameters for the polysulfone/CO2

system have been published yet. However, the Gaussian
parameters reported in this work are well in line with values
for several polymer/CO2 systems compiled in ref 17.

Some uncertainty remains about the number of sorption sites
N0 available to accommodate penetrant molecules. Kirchheim17

offered several ways to estimateN0, providing values ranging
from 3 × 1021 cm-3 to 6 × 1021 cm-3. Because none of these
could be favored for physical reasons, the estimate of
N0 ) 6.7× 1021 cm-3 for easy conversion of units was applied
to all polymer/gas systems.

Wang et al.56 evaluated the Gaussian parameters indepen-
dent of N0 and used them as a fit parameter, yielding
N0 ) 1.1 × 1021 cm-3 for the polycarbonate/CO2 system,
ranking at the lower limit of the estimates. On account of the
comparison to the majority of published Gaussian parameters
of polymer/gas systems,N0 ) 6.7 × 1021 cm-3 has been used
in this work. As a matter of fact, the dependency of the Gaussian
parameters and in particular of the widthσG on the number of

Table 3. Dual Mode Sorption Parameters from the PSU/CO2 Data Obtained in This Work

source dataset/method
pmax

[bar]
kd

[cm3(STP)/cm3/bar]
Ch′

[cm3(STP)/cm3]
b

[bar-1]

experimentala total sorption 50 0.805 12.85 0.384
elastic fraction 50 0.390 18.49 0.238

modelingb PSU(GCMC) 50 0.046 14.64 0.296
PSU80(GCMC) 50 0.171 45.07 0.813
eq 20 50 0.865 10.78 0.450

a See Figure 11.b See Figure 13.

Figure 14. Sorption isotherm of CO2 in PSU (b). Crossed out symbols
were excluded from the SD fit (s). Elastic fraction: all data points
(k) are included in SD fit (- - - ).

C(p) ) (1 - p
pPSU80

)‚Ch PSU(p) + p
pPSU80

‚Ch PSU80(p) (20)
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sorption sites becomes quite strong toward the lower limit of
N0. It is therefore necessary to choose the number of sorption
sites with great care. Using the free volume analysis of detailed
atomistic packing models as described above, another basis for
an estimate of the number of sorption sites is available. The
corresponding results will be discussed in a later paragraph.

Dilation. Partial Molar Volume. Upon sorption of CO2
molecules into the polymer matrix, a macroscopic volume
change (dilation) of the polymer sample can be observed. In
liquids or silicone rubbers, generally an equilibrium value of
ṼCO2,rubbery ) 46 cm3/mol is observed for thepartial molar
volume (pmv) of carbon dioxide,4 which is close to the molar
volume found for liquid CO2. In the following, this value will
be regarded as the penetrant phase molar volume (V̂g )
ṼCO2,rubbery), as discussed above. In glassy polymers, lower values
for sorbed CO2 molecules of about 20-30 cm3/mol are
reported.12,38 For CO2 in polysulfone (PSU), Kamiya et al.57

report a concentration dependent pmv of 10-31 cm3/mol in
the concentration interval of 5-45 cm3(STP)/cm3(polymer).
Figure 15 shows the dilation of polysulfone by sorption of CO2

following a pressure step from 25 to 30 bar. The best fits of the
kinetic analysis function, eq 3, to the sorption and dilation data
presented in Figures 3 and 5 were used to plot the experimentally
observed dilation against the amount of CO2 sorbed due to the
current pressure step (for clarity, these fit functions were plotted
as open circles). It has to be noted that thex-axis represents the
time dependent concentration increase of CO2. The cor-
respondent nonlinear time scale is given at the upperx-axis of
Figure 15. It can be seen that the pmv (i.e., the slope of the
curve) is developing in time, revealing the pmv of the rapidly
sorbed CO2 (elastic/diffusive fraction) to be only 60% of that
of the relaxational fraction, which turns out to be about the value
for rubbery polymers or liquidsV̂g.

As already addressed in the Introduction, Newns19 pointed
out that the initial rapid stage of sorption would lead to stresses
in the polymer matrix due to the misfit (V̂g - V̂h) between the
volume of the penetrantV̂g and the volume of the sorption site
V̂h. The relaxation of these stresses is accompanied by a decrease
in chemical potential of the sorbed phase in relation to the gas
phase, which is compensated by further sorption.

Using the experimentally determined partial molar volume
of the rapid stage of sorption as shown in Figure 15 and the
volume of the CO2 penetrant phaseV̂g ) 46 cm3/mol, eq 19
yields an average ofV̂h,occ) 29 cm3/mol for the sites occupied
(index occ) in the rapid stage of sorption at this concentration
level of aboutC ) 35 cm3(STP)/cm3(polymer). The result of
practically zero for the relaxational stage (becauseV̂p ≈ V̂g)
simply reflects the fact that, to accommodate a CO2 molecule
in this stage of sorption, a volume ofV̂h ) V̂g needs to be

generated by relaxation of the matrix. Figure 16 shows the pmv
of CO2 in PSU of all fractions independent of time over the
whole pressure range. Polynomial fits were used to interpolate
the pressure dependent data of sorption and dilation.

The values for the total isotherm (30 cm3/mol) and the elastic
fraction (22 cm3/mol) lead to hole volumes of 16 and 24 cm3/
mol for the average occupied sorption site, respectively. It has
to be noted that the former includes the generation of additional
free Volume by relaxation and therefore misrepresents the
average size of occupied sorption sites because eq 19 only
considers elastic deformation, which is represented by the value
obtained from the elastic fraction.

Partial Molar Volume from MD Simulations.The effect of
volume dilation of a polymer by sorption of CO2 can also be
observed and analyzed utilizing molecular dynamics simulations.
Because simulation of the diffusion of carbon dioxide into the
packing model is far too time-consuming, the penetrant mol-
ecules are inserted into the packing model with a Monte Carlo
procedure so that a configuration of minimal energy is obtained.
In this case,N ) 24 molecules were inserted into a single
unswollen packing model (PSU), corresponding to a concentra-
tion of 15.6 cm3(STP)/cm3(polymer). A shortNVT MD run of
a few femtoseconds is at first needed to energetically stabilize
the system after the insertion of penetrants into arbitrary
positions. The system is then allowed to reach a (pseudo-)
equilibrium volume performing anNpT-MD run of 300 ps at
p ) 10 bar andT ) 308 K. Concentration, pressure, and
temperature parameters for this MD simulation were chosen
according to the mass uptake of CO2 into polysulfone in a one-
step sorption experiment (0-10 bar at 308 K).

Figure 17a shows the resulting volume dilation average of
three packing models. The near instantaneous “reaction” of the
models even on this small time scale and the partial reversability
upon removal of the penetrants point to the elastic character of
the dilation. The hysteresis that shows up in the contraction
suggests that part of the induced dilation requires more time to
recover. It must be noted that the individual packing models
behave differently in this regard, one recovering completely
while the other two showed significant hysteresis. It stands to
reason that contraction upon removal of penetrants shows some
inelastic behavior because penetrant molecules surely produce
a stronger driving force than missing penetrants. In fact, longer
runs of penetrant filled packing models showed some small
additional dilation behavior on the time scale of a nanosecond.

In the corresponding laboratory experiments, sorption as well
as dilation (see Figure 17b), the CO2 pressure is raised in a
single step fromp ) 0 bar top ) 10 bar and released again
after 2 h. In the sorption measurement, a (pseudo-) equilibrium

Figure 15. Dilation vs concentration of CO2 in PSU (both time
dependent) after pressure step from 25 to 30 bar (O); partial molar
volumesṼp were calculated from the slope of the curve.

Figure 16. Dilation vs sorption of CO2 in PSU (both pressure
dependent) and the resulting partial molar volumesṼp from the total
sorption and dilation isotherms (b) as well as their diffusive/elastic
(k) and relaxational fractions (4).
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concentration of 15.6 cm3(STP)/cm3(polymer) was reached.
Simultaneous to the sorption/desorption of CO2, which is
following Fickian diffusion kinetics, the polymer sample shows
almost reversible dilation and contraction. The slight hysteresis
that is observed in the contraction can be ascribed to the
concentration dependence of the diffusion coefficient and of
the mobility of the polymer matrix and should therefore not be
related to the above-mentioned hysteresis of the simulated
dilation, which is expected to recover on a much smaller time
scale.

The agreement in sorptive dilation of experiment and model
within 20% is remarkable, considering the small size of the
packing models and the fact that on this small time scale, no

substantial diffusive jumps are observed and therefore the
contribution to the overall dilation in a laboratory experiment,
caused by CO2 molecules present in diffusion paths, cannot be
represented by MD simulation without the consumption of more
CPU time by orders of magnitude.

The calculated partial molar volume for the simulated dilation
of PSU by CO2 amounts to 19 cm3/mol, while the actual
experiment finds 24 cm3/mol, indicating occupied holes of an
average volume of 27 and 22 cm3/mol, respectively (eq 19).

Volume Distribution of Sorption Sites. In the context of
the site distribution model, the local volume fluctuations of
Gaussian form at temperatures aboveTg are frozen in at lower
temperatures and lead to a size distribution of hole volumes,
which again leads to the Gaussian distribution of site energies
with the average site energyĜ0 and widthσ̂G. The parameters
can be gained from a fit of eq 11 to a sorption isotherm. Once
the parameters are known, eq 12 can be fitted to a dilation
isotherm adjusting the average hole volumeV̂h0, while the width
σ̂V of the volume distribution is derived from eq 10 usingσ̂G.

Figure 18 shows the result of the fits to the total dilation
(solid line), again not including data above 20 bar, and to the
elastic fraction data (dashed line). The resulting parameters are
compiled in Table 4. Again, as explained in the former
paragraph, it is plausible to use the data and parameters of the
elastic fraction, which are expected to give the best representa-
tion of the structure of the original matrix.

As pointed out earlier in this work, the choice of the number
of sorption sitesN0 ) 6.7× 1021 cm-3, to be used in eqs 8 and
9 of the SD model, has been a matter of rough estimates.
Ultimately, the value ofN0 ) 6.7× 1021 cm-3 was chosen for

Figure 17. Dilation and contraction after insertion/removal of CO2 molecules into PSU packing model and subsequent equilibration (NpT-MD)
(a), and following a pressure step from 0 to 10 bar in a laboratory experiment (b). The solid line in (a) is drawn to guide the eye.

Figure 18. Experimental dilation (b) and its elastic fraction (k). The
solid line represents a best fit of the average hole volumeV̂h0 to the
total dilation (crossed out symbols excluded) and the dashed line to
the elastic fraction (all points included), in each case using the respective
parametersĜ0 and σ̂G obtained from the sorption fit.

Table 4. Site Distribution (SD) Model Parameters (eqs 11 and 12) of Experimental Dataa for PSU/CO2 of This Work and Literature Data and
Number and Average Volume of FVEs as Determined from Atomistic Packing Models

Gaussian site energy
distribution

Gaussian size
distribution of spherical holes

number
of sites

Ĝ0

[kJ/mol]
σ̂G

[kJ/mol]
V̂h0

[cm3/mol]e
σ̂V

[cm3/mol]e
N0

[1021 cm-3]

Erb and Paul25 aged 20.7 11.9 6.7
conditioned 18.1 11.4 6.7

Wang et al.22 19.2 11.0 20.4 6.2 6.7
Kamiya et al.26 35 °C 19.0b 12.1b 6.7

45 °C 20.2d 12.1d 6.7
55 °C 21.1d 12.1d 6.7
65 °C 21.9d 12.1d 6.7

total isotherm (<20 bar) 18.2 10.2 16.2 3.4 6.7
elastic fraction 20.1 11.8 18.2 5.0 6.7
N0 ) NV_connect 12.9 8.0 20.7 4.7 2.8
N0 ) NR_max 17.5 10.6 19.0 5.0 4.9
PSU/V_connect 35.0c 2.8
PSU/R_max 19.0c 4.9

a If not stated otherwise, parameters refer to measurements at 35°C. b Second sorption run at 35°C. c Average value from three packing models.d Width
of the distribution was held fixed and only Gˆ 0 was varied to fit the data.e Use a factor of 1.66 Å3/(cm3/mol) to convert into Å3.
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convenient unit conversion. The free volume analysis of the
static packing models discloses a possibility of determination
of the number of sorption sites. Two methods were introduced
in a previous section that probe the free volume distribution of
atomistic packing models. The analysis was performed on three
independent unswollen models of polysulfone (PSU). Both
methods of analysis,R_max andV_connect, depend on the
choice of probe and grid size; while the former will find more
and smaller sites with decreasing parameters because the
nonaccessible volumes (e.g., within phenylene rings) are
detected as well, the latter method will eventually detect the
complete free volume as one space. To reasonably deal with
the problem, the probe size was set to the size of a hydrogen
atom (van der Waals radius), with about half the radius as grid
spacing. It is inherent in the method of analysis to exhibit the
greatest uncertainties for small volumes where the dimensions
of the volume are comparable to the grid spacing. Furthermore,
it is an artifact of the calculation algorithm to yield undersized
volumes if the number of free grid points is small. Therefore,
for the determination of the number of sorption sites, all spaces
of volumes not larger than that of hydrogen were assumed to
be “bottlenecks” (potential diffusion paths) rather than sorption
sites and excluded. This appears somewhat arbitrary, but Figure
19 shows that this specification leads to reasonable results
concerning the comparison to distributions gained by the site
distribution model.

Both distributions obtained this way are displayed as bar
charts in Figure 19. As expected, theR_max method yields
more but smaller sites (NR_max ) 4.9 × 1021 cm-3, Vĥ h )
19 cm3 mol-1), whereas theV_connect method detects a number

of very large free volume elements (NV_connect ) 2.8 × 1021

cm-3, Vĥ h ) 35 cm3 mol-1). These modeling results for the
number of sites agree very well with the estimates of Kirchheim,
and therefore such packing models seem to be an alternative
source for the determination of this parameter.

The total number of sites per packing model of each method
was taken as parameterN0 to fit the SD model (eq 12) to
experimental data. Parameters and results of the obtained hole
size distributions are compiled in Table 4 and shown in Figure
19. It should be noted that both Gaussian distributions coincide
at the large volume tail. This is expected because in this way,
up to the concentration level reached in the experiment, the same
dilation effect is achieved regardless of the number of sorption
sites. In Figure 20, this is demonstrated by showing the Gaussian
distributions presented in Figure 19 along with the distribution
of occupied sites. To obtain the latter, the distributions of site
volumesNR_max(Vh) andNV_connect(Vh) were multiplied with a
Fermi-Dirac statistic of a widthσFD scaled in the same manner
as the widthsσ̂V to σ̂G. The area under the distributions of
occupied sites represent the concentration level of the diffu-
sive fraction at 45 bar. In the hatched area, the distributions
of occupied sites of both site volume distributions
NV_connect(Vh) and NR_max (Vh) coincide, differing only in the
upper and lower volume margin (black:R_max; gray:V_con-
nect).

It is comprehensible that, within limits, any number of
sorption sitesN0 will result in a Gaussian distribution that

Figure 19. Site distribution as probed directly in the packing model
(PSU) and calculated from experimentally obtainedSDparameters using
NV_connectandNR_max as number of sorption sitesN0 (see eqs 8 and 9).

Table 5. Obtained Values for the Partial Molar Volumes of CO2 in PSUa and the Occupied Hole Size According to eq 19

reference methodb comment Ṽp [cm3/mol]c V̂h,occ[cm3/mol]c

Fleming et al.4 CO2 in liquids 6-liquid-average 46

Kamiya et al.57 concentration dependent 5-45 cm3/cm3 range 10-31 36-15

this work time dependent rapid stage 17 29
relaxational stage 44

pressure dependent total isotherms 30 16
elastic fraction 22 24
relaxational fraction 44

NpT-MD simulation 13 33
interval step elastic fraction 31 15

site distribution model 21 25
R_max - - 48

a Except for ref 4, which is reported to give a measure of a truly relaxed pmv of sorbed CO2. b All values were determined at 35°C. c Use a factor of 1.66
Å3/(cm3/mol) to convert to Å3.

Figure 20. Hole-size distributions according to theSDmodel obtained
from experimental data, using the number of available sorption sites
from free Volumeanalysis of packing models (solid line:R•max and
dashed lineV•connect method). The hatched area represents the
coinciding occupied sites at a concentration level of 35 cm3(STP)/cm3.
It can be seen that, in this range, the distribution of occupied sites is
practically independent of the analysis method of FVE.
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coincides with the large volume tail of another and yield an
equally good fit to the data. Accordingly, the mean volumeVh0

as well as the widthσ̂V will decrease with an increasing number
of sites. For the comparison of the Gaussian distributions with
those found by analysis of atomistic packing models, it also
has to be kept in mind that, while the SD model is derived from
considerations of the above-Tg dynamics, the volume analysis
is performed on a static atomistic model of polysulfone.
Moreover, continuum mechanics and idealized spherical shapes
are assumed in the SD model, whereas the volumetric analysis
does not distinguish between geometrical shapes. But large
volumes detected by model analysis may well be narrow in one
or two dimensions and not necessarily accommodate penetrant
molecules as well as would spherical holes of the same volume.
This will especially be the case for theV_connect method.
Despite these potential drawbacks, volumes are found within
the same order of magnitude. In fact, the mean volume of sites
of the R_max method even matches that of the corresponding
Gaussian distribution of the SD model.

At a CO2 concentration of 35 cm3(STP)/cm3(polymer), which
corresponds to the concentration of the elastic fraction at
45 bar, about 20% of the sites (R_max) are occupied. Filling
up the sites of a Gaussian distribution to that level from the
largest to the smallest hole, the average occupied hole has a
volume of 25 cm3/mol (see upper axis of Figure 19); applying
the same procedure to theR_max distribution yields 49 cm3/
mol. But while for the Gaussian distribution this yields a partial
molar volume of 21 cm3/mol that agrees well with the other
values in Table 5, the average volume of theR_max distribution,
pictured as a spherical hole, would be large enough to
accommodate CO2 penetrant molecules without dilation. This
is another argument to incorporate the dynamics and aspherical
geometries in a more detailed, general analysis of the intermo-
lecular space of polymer packing models with regard to the
assessment of possible sorption sites.

Conclusions
Several aspects of the sorption of CO2 in polysulfone and

the thereby induced swelling behavior were investigated ex-
perimentally and by detailed atomistic molecular modeling.
Utilizing a viscoelastic model, the experimentally observed
process of sorptive dilation could consistently be separated into
a diffusive/elastic part and a relaxational part by kinetic analysis.
While the nearly instantaneous elastic response of the polysul-
fone matrix to penetrating CO2 could be reproduced by detailed
atomistic MD simulations with success, the resulting relaxational
behavior is observed on experimental time scales that are orders
of magnitudes too long to directly simulate the respective
molecular dynamics in reasonable time and effort. However,
the investigation of atomistic packing models of swollen
“reference states” partially overcomes this gap, and it is shown
that the combination of two reference states is well able to
describe intermediate states of the sorption isotherm. This
agreement validates both the general approach and the quality
of the molecular models.

In addition, thefreeVolumeof the detailed atomistic packing
models was analyzed and the size distribution was compared
to the results of the analysis of experimental data according to
the site distribution model. The kinetic analysis and consistent
implementation of its results, i.e., the exclusive usage of the
elastic fraction, improved the quality and reliability of the
resulting model parameters. Reasonably agreeing size distribu-
tions of sorption sites were obtained experimentally and by
analysis of molecular models, even though some open questions
remain regarding the shape of the distribution.

The fact that the site distribution model is able to describe
the diffusive/elastic fraction of experimental sorption and
dilation data quite well and the reasonable agreement of the
parameters with modeling results, in unison with the successful
simulation of the elastic response of the matrix to penetrant
molecules by detailed atomistic modeling, confirms, to a certain
extent, the perception of the processes involved as established
by the site distribution model.

Following up on these promising new ways of comparison
of laboratory experiments and molecular modeling, further effort
is necessary to converge the respective boundary conditions and
to reconcile them with the assumptions made by phenomeno-
logical models.

Appendix

Selected Notations Used in This Work

V̂i molar volume of speciesi
Vi volume of speciesi
N̂i molar quantity of speciesi
∆V volume change of the polymer/gas system
∆N̂i change of molar quantity of speciesi
Ṽi ) ∆V/∆N̂i partial molar volume of speciesi
V̂g,i “penetrant phase” molar volume of speciesi in

relaxed environment
V̂g molar volume of CO2 (gas) solved in liquids (relaxed

environment)
V̂h (spherical) volume of a sorption site (hole)
V̂h,occ molar volume of occupied sites (average)
Ṽp partial molar volume of CO2 (penetrant)
N0 number of sorption sites per volume unit of polymer

(ref 17)
NV_connect number of FVEs detected by theV•connect method
NR_max number of FVEs detected by theR•max method
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