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ABSTRACT: Experimental sorption and dilation data of the polysulfone/€@tem 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. Tls®@@on 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. Finalise¢helumeof

the packing models is probed and the obtained size distribution dfékeolumeelements is compared to the

results of the analysis of experimental data according to the site distribution model.

Introduction 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

Amorphous polymers are widely used in applications where
solubility and mobility of carbon dioxide (C£in the polymeric
matrix are crucial to the performance of the material. Because
of its plasticizing ability, supercritical COcan be used as a
plasticizer in processing applicatiohsThe phenomenon of
penetrant induced plasticization of glassy polymers is also T
observed in gas separation membrahesere the associated and implications of these models to the test.
changes in the polymer structure at elevated concentrations of, The well-k_nown dual mode sorption model (DM. mo_dél)
penetrant molecules lead to a reduction of separation perfor-'S the most widely u_sed model to O!E‘SCT'.be gas sorption n glassy
mance, i.e., a decrease in permselectivity. To control the sorptionpOIymerS due to s easy appllcaplllty a.nd the ability to
and swelling behavior of glassy polymer/gas systems, a deeperSuccessfully describe sorption in a wide variety of polymer/gas
understanding of these phenomena on the molecular level jsSystems. Althoug_h the initial assumption of two distinct
necessary. Therefore, in the present work, we make an attemppenetrant populations could not be clearly confirriedhe
to combine laboratory experiments with detailed atomistic concept ha§ proven to be f|8X|bﬁ';7' and the parameters are
molecular dynamic simulations and the interpretation in the P€Yond their physical interpretation a valuable means to

framework of phenomenological models. interpolate or exchange déta.
While molecular modeling based on common molecular Several other authors successfully developed other phenom-

mechanics and molecular dynamics (MM/MD) techniques gives enological models to describe or predict penetrant concentration

the opportunity to directly observe certain properties of the If?o?riatiséytﬁg:)r/nn;zrsﬁal\rﬂn?cm %Er:?g?(\a/igx??e:)sftgrﬁ)g:gggz s;)hrgtlon
polymer/gas system such as the mobility of backbone atoms O vstem of pol meyr matrixF;ree olum ,and enetrantg as a
penetrants or th&ee volumedistribution, established analysis Y poly v < P

. . a5 . .
methods allow an indirect determination of other properties such Etf'ai(;c%f fﬁﬁ;’[g gcﬁrl:t?fgusil:]&’or d::(tzr;glﬁgt:glzﬁ;trzggglrisbe
as the diffusion coefficient and solubility of penetrant mol- y 9 P

ecules’ However, the time scale of such simulations is limited the nonequilibrium nature of the glassy state. The associated

to a few nanoseconds, and therefore, it is not possible to directlydllatlon of the polymer matrix, if explicitly considered, IS n
simulate relaxations of the glassy matrix as they are observedmOSt cases treated as an over‘_all property of the matrix, 1.e.,
experimentally. Experiments, on the other hand, yield results analogo.us to the thermal expansion coefficient, specific volume,
of the real macroscopic system, and although molecular details®" density. . . . .

cannot be observed individually, the accumulated effects permit However, the main focus of this work is to discuss the

the analysis through models on a statistical or phenomenologicalemo(lar:rm:érll:gal rezullts tli? tthe fran;ewolrk o;tf:)e slg? ?}'ﬁgﬁ%t'on
basis. It is the aim of this work to survey new approaches of a model ( _mo el) tha was developed Dby Firc .
Although this model does not incorporate relaxational swelling

of the matrix, its main feature comprises the penetrant induced
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Figure 1. Concentration-pressure isotherms of the PSQO, system ’ )
at 35°C; (@, @): this work; (r, v): Erb and Pau®® (—): dual-mode Figure 2. (a) Chemical structure of poly(sulfone) (PSU) and the
sorption fits of ref 25; ©): data of refs 26-24,26. For the definiton ~ corresponding equilibrated model of a single repeat unit (b). Atoms
and derivation of the elastic fraction of this work's data, refer to the are represented by spheres of van der Waals radii: sulfur (S): yellow;
kinetic analysis section in the text. oxygen (O): red; carbon (C): gray; hydrogen (H): white.

relaxations in the polymer. The rapid initial stage of sorption, ~ 1he following two sections specify the equipment used in
following Fickian diffusion kinetics until a quasi-equilibrium ~ OUr laboratory experiments, briefly recapitulate the applied
is reached, was thought to induce stresses within the polymerPhenomenological models and give the equations needed in the
matrix. Limited mobility of the matrix would lead to a relaxation ~€xamination. Subsequently, the packing procedures for the
of the stresses and hence a decrease in chemical potential oflétailed atomistic models and the respective analysis methods
sorbed penetrant molecules relative to the gas or vapor phaseare_shortly_pre_sented. Results of th_e dlverse_ investigations and
This again would lead to a self-sustaining cycle of sorption their complnatlon are shown and dlscgssed in detail thereaftgr,
induced stresses and relaxations which is only limited by the and the final section shortly summarizes and concludes this
ability of the matrix to relax stresses and thus by the (concentra- WOrk.

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 th . e - e .

humber of different suppliers; its chemical structure is given in

thermodynamlc approach, the _SD.mo.deI relates the d's.t”bu'[.'on Figure 2. In our study, Ultrason S was obtained from BASF AG,
of sorption site volumes to a distribution of corresponding site Germany, as a melt-extruded film of 1Qim thickness. DSC
energies. In this mgchamcal view, tipartial molar volume measurements showed noncrystallinity and a glass transition at
connects the solubility of penetrant molecules to the structure 190 °C. Measurements in a density gradient column yielded a
of the free volumeof the polymer matrix and thus provides a density ofp = 1.24 g/cni.

favorable basis of comparison to detailed atomistic packing Carbon dioxide (Cg) of purity >99.995% was used as received
models. from Air Liquide Deutschland GmbH.

Sorption. Gravimetric sorption measurements were carried out

Because the aim of this work is also to attempt a new S X .
. . . . using an electronic microbalance Sartorius M25D-P from Sartorius
approach on the combined analysis of simulated and EXPEer- 5 mpH Gdtingen. Details of the setup have been described in a

mental data, a polymer/gas system was chosen, which shows,eyious publicatiod? and only the main features should be noted
both the sorption and dilation characteristics under considera-here: The balance is situated in a pressure cell designed to bear
tion and which has been widely discussed in the literature, to pressures well over 50 bar. The temperature of the setup is held
enable classification of the data obtained in this work. As is constant by an air bath at 350.1°C. Deviating from ref 33, data
shown in Figure 1, a number of authors have published data onacquisition was computer aided, recording the signal of the
carbon dioxide (C@ sorption in polysulfone (PSU¥-26 Erb microbalance automatically at a rate of 0:8.s _

and Paw®® examined polysulfone samples that waged(free The film sample of uniform thickness is cut into several pieces
volume reduction by subFy annealing) orconditioned(free (~10 mm>x 10 mm>x 0.1 mm) and put onto the balance pan inside

; ; . the cell, which is then evacuated pt< 10> mbar until any
_UOIE[Jhmemcrease by h|(:[;h| press;:(ka] @I(Deatmendt). The rgsultlgg . __significant weight change has ceased. After degassing of the sample,
ISotherms approximately mark the lower and Upper boundaries , CQ pressure is increased in a series of stepwise increments,
of sorption data at a temperature of 35. Aside from avariety g the weight gaimm of the sample is observed for at least

of different experimental setups, the sample prehistory, which 24 h at each step (Figure 3). As the effect of buoyancy is nearly
is not always known, and the experimental time scale seem toinstantaneous, compared to the slower kinetics of the weight gain
be the main causes of the observed differences. As can be seedue to sorption, it is easily eliminated from the data.

from Figure 1, the primary sorption data gathered in this work  The weight gain is converted into the commonly used units of
show that, during the time of an incremental sorption run, the cm® (STP)/cn# (polymer) using

state of econditionedsample is reached, i.e., the measuredg CO N

concentration meets the extrapolated dual mode sorption fit of c VidAm_ Po )

Experimental Section

Material. Poly(sulfone) is a high-performance thermoplast used
én a variety of applications and therefore readily available from a

ref 25, implying the sample to be conditioned during the - Mco, Mo

measurement as would be expected. On the other hand, the

elastic fraction (See kinetic analySIS Se.Ct|0n) of this Work’§ data Where\,\{id is the volume of a an ideal gas at standard conditions
seems to resemble better the behavior of agedsample in (STP),Mco, the molar mass of CQandp, andmy the density and

ref 25. mass of the polymer prior to any measurement, respectively.CDV
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Figure 3. Representative mass uptake signal in PSU/(M) and best t/s

fit of the viscoelastic model eq 3. Pressure step 250 bar. The Figure 5. Representative dilation signal in PSU/C@) and best fit
buoyancy effect is easily discernible. of eq 3 (). Pressure step 2530 bar. Note that, at long observation
times (>10* s), a lower acquisition rate allows a reduction of the
oscillatory scatter through averaging of the signal over several seconds.

wherely andV, denote the initial length and volume of the sample.
Kinetic Analysis. Generally, three cases of diffusion of pen-
etrants in glassy polymers are distinguisBé(l) case | or Fickian
sample diffusion in which the rate of diffusion is much less than that of
relaxation; (2) case Il 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 Gdiffusion 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
sensor stage is controlled by Fickian diffusion, whereas the second stage
e I 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
Figure 4. Principle of the dilatometer based on a capacitance sensor. gnd dilation data, respectively:

X(®) = X+ (D) + Xg1°0a(t,71) + X 0o(t,75) @)

Dilation. Various techniques to measure sorptive dilation of
glassy polymers are reported in the literature. While earlier methods

were based on visual readodt€® more recently, induction where

gaugeg?30:38 gllipsometry3! or image analysi are utilized to o 8
monitor the swelling of polymer/gas systems. In this work, the f(tD) =1 — exp{—D(2n + 1)2andz} 4)
volume changes in the sample due to sorption of gas molecules ' & (2n + 1%

were investigated using a gas pressure dilatometer, whose principle
is shown in Figure 4 and which has been described in more detail gng
in ref 33. It is based on a capacitive distance measuring system:
A strip (~20 mm x 10 mm x 0.1 mm) of the sample film is g(tr)=1— exp —t/(dzv)} (5)
clamped at both ends. The upper clamp is fixed to the cell wall, e :
while at the lower end, a small metal disk is attached perpendicular X(t) denotes the time dependent change of mass and length,
to the film plane. Thus the disk is suspended freely above the yegpectively. The first term on the right side of eq 3 reflects Fickian
capacitance sensor, serving as its counter plate. Distance changegisusion kinetics into a plane sheet of thickne2 as derived by
bgtvyeen the two plates of this qapacitor can be measured linearlycrgnies (eq 4). It contains the diffusion coefficie® and the
within a range of 100@m and with an accuracy of 0.26m. The diffusive fraction of the mass uptaké as fit parameters. Sufficient
weight of the lower clamp and metal disk {0 g) is not expected  accyracy was achieved using the first three terms in the summation
to significantly influence the measurement, as the exerted stress isy¢ eq 4 for calculations, while higher order terms were dropped
almost 3 orders of magnitude below the yield stress of the PSU ¢, practical reasonsi(= 2).
specimen. _ _ ) ) To account for non-Fickian diffusion, two exponential relaxation
Similarly to the sorption setup, the dilatometer is placed in & fnctionsg, andg, are implemented with the relaxational fraction
pressure cell which is held at constant temperature by an air bath. ;and the thickness normalized relaxation timess fit parameters.
In contrast to ref 33, a second sensor has been added to the chambgf sjyou|d be noted that the normalization of the relaxation times is

with a fixed distance to its counter plate; its signal is used 10 gone for convenient comparison to the diffusion coefficient and
eliminate the effects due to dielectric changes of the gas atmospheregnquid not imply a thickness dependence.

The Labview-based software allows data acquisition rates of up  This approach was proposed by Berens and HopfeAbeaged
to 1 s Following the same procedure as in the sorption on the treatment of solvent-vapor sorption in glassy polymers. In
measurements, after thorough degassing, the length change of theneir model, the kinetics of vapor sorption are considered to be a
sample is recorded for a series of pressure increments, and at leasfnear superposition of independent contributions from Fickian

24 h observation time per step were scheduled. diffusion and sorption controlled by relaxational processes of the
Assuming isotropic swelling, the length chanjeof the sample  holymer matrix. In general, the relaxational contribution may be
can be easily converted to volume changeé using written as an infinite sum of exponential functions representing first

3 order relaxations. However, one or two relaxational terms have
AVIVG = (1+ Alllg)" =1 ) proven to successfully describe even complex sorption ?@éﬁaCDV
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and elastic fraction of dilation, respectively (the terms “Fickian
diffusion fraction”, “diffusive fraction”, and “elastic fraction” all
denote the same fraction of sorption or dilatkn as determined

by eq 3 and are used synonymously). As there is no explicit relation
of the relaxation functiong; 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 gast!>17In this work, for
description of the experimental results, in addition to the most
widely used dual mode sorption model (DM model), the site

Figure 6. Mass uptake-(- -) and dilation ¢-) in the PSU/CQ@system dlslt”buﬁ'lofn mgdglé\SD mgdel) has beder|1 selec_tded _becauscte_ s tZe
on a thickness normalized logarithmic time scale after a pressure stepOn y well-lounded thermodynamic model, considering sorption an

from 25-30 bar. A clear correlation between sorption and dilation can  dilation in glassy polymers, which also provides a structural picture
be seen in the kinetically separated fractions. The hatched areaOf the free volume distribution. The latter allows furthermore a

represents an extrapolation according to the respective best fit direct comparison with the analysis of detailed atomistic molecular
parameters (eq 3). 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 modet°> 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 moleculgsdepends linearly on
the pressur@. 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
Cy 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:

—dilation
sorption
2 extrapolation

| elastic/diffusive fraction

relaxational
fractions

8 10

?2
log(t/d”)

Cy'bp
1+bp

C=Cy,+C,=ksp+ (6)

Figure 7. Spring and dashpot model to represent viscoelastic behavior. yyhere ky is the Henry’s law solubility coefficientC,' the hole

Wessling et af applied this method to COsorption in glassy saturation constant, arfilthe hole affinity constant.

polyimides and suggested using the same kinetic model to fit the
corresponding C®induced dilation.
As a typical example for the behavior in the PSUACYstem,

Site-Distribution Model (SD). The site distribution model,
introduced by Kirchheimd! considers density fluctuations of the
polymer matrix in the liquid or rubbery state above the glass

Figure 6 shows mass uptake and dilation of the pressure step 25 transition temperature. Passing the glass transition temperature, the
30 bar that are shown in Figures 3 and 5, normalized to the mobility of the polymer matrix is frozen-in, and the Gaussian
diffusive/elastic fractionX; and on a thickness normalized loga- distribution of this volume is preserved in the glassy state. The
rithmic time scale. As can be easily seen, there is a clear relationintermediate holes in the polymer matrix should have a Gaussian
between the time scales of the different processes involved in size distribution of volumes as well and are considered as sorption
sorption and dilation, respectively. This leads to the viscoelastic sites for penetrant molecules.

interpretation by Newn¥) as discussed in the Introduction: eq 3 If a penetrant molecule, regarded as an elastic sphere of volume
is the mathematical representation of a spring and dashpot flodel, Vj, occupies a spherical hole in an elastic matrix (sorption site) of

as show_n in Figure 7. . . ) smaller volumeV,, it was shown that the elastic energy stored in
A spring accounts for the elastic stresses imposed during the iha matrix can be expressecas

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 VoigKelvin
elements (parallel spring and dashpot) represent the viscoelastic
relaxations of the polymer matrix. Their time constanismiormal-
ized to the film thicknessl, are of the ordet; ~ 1(8:--10° s/cn?,
whereas the reciprocal diffusion coefficient is abdnt?!
107 s/ent for CO, in PSU at 308 K at a COpressure of 30 bar
(see Figure 6).

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

_ﬁs(vh - Vg)2

Ga= ' Ve

<V,

™

whereus is the shear modulus of the polymer ayids a constant
that is related to elastic properties of the polymer and penetrant.

If the Gibbs free energy of sorptid@ is considered as the sum
of this elastic energyse and the total of all other interactiort;,
which is assumed as equal for all sites, it was shidwmat eqs 7

and 8 lead to a Gaussian distribution of site energies as weII(':DV

~
~
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N, ;{ v, — Vh0)2) In I_iquids or rubbery polymers,_the mobility of the matrix i_s
n(v,) = exp————— (8) sufficient to compensate the insertion of a penetrant molecule into
Uv\/; g, a site of free volume such that the latter is kept constant. In this
case, the relaxation around a penetrant molecule is complete and
No (G- GO)2 the pmvV; may be regarded as a propeity; of the penetrant
n(G) = 245 I ©) phase of specieis
oV T g
The widths of these distributions Vi = Ve, (18)
vZ_y 2 In glassy polymers, the situation is different. The mobility of
oy = 4/ 2KT Vy,d/B, Og= OVZuS( g > ho) (10) the matrix is limited, and therefore occupation of free volume cannot
3YVho be fully compensated within reasonable time scales. The consump-

) tion of free volume by the penetrant molecules leads to a smaller
contain the average hole volurifg as well as the glass temperature  partial molar volume, which must now be regarded as a property

Tg and bulk modulusB of the polymer. of the matrix/penetrant system. A mechanical interpretation of this

Assuming similar bulk moduli for polymer and penetrant, an phenomenon is provided by EsheltyThe volume changA\7 of
estimate olNo = 6 x 107 cm 3 for the number of sorption sités, an elastic continuum containing a spherical hole of voldqeipon
and thermal occupancy of the sorption sites following FerBirac occupation of this hole with an elastic sphere of V0|L%§Z Un,

statistics, the penetrant cpncentrat(t(mc) and the induced volume s given by
changeAV(u) can be derived:
o AV = const(Vy; — ) =V, (19)
Cu) = L[L ., N(G) dG/(1 + exp[(G — u )/KT]) (11)
where const= 1 if penetrant and matrix have the same elastic
AV(u) o (Vg = Vi (G)N(G) dG properties. The partial molar volurigtherefore reveals information
vV, f—w 1+ exp[(G — u )/KT] 12) about the structure of thieee volume provided that the penetrant
phase volumé/y; is known and the matrix can be regarded as an
wherey is the chemical potential, which is related to the pressure €lastic medium. _ _ _ .
via The site distribution model arises from this very picture, ascribing
the distribution of site energies to their elastic parGe (eq 7),
w =y + KT In[p/p,] (13) 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

with uo being the standard value for= py = 1 bar.

The site energy of the average sorption site with volufe (eq 19). . o ) )
For convenience, the indexwill be dropped in the following
2u (V, — V, 0)2 where the molar volume (in liquids or rubber\is) and the palftial
G, =G, + _S¥ (14) molar volumeV, refer to the penetrant species £6or an overview
3y Vo over selected notations used in this work, see also the Appendix.

Atomistic Packing Models.Modeling Details For the molecular
and the width of the site energy distribution (eq 10) have been simulations described in detail in the following paragraphs, the
varied to obtain a best fit of eq 11 to the sorption data. The resulting Insight Il (4.0.0p), Ceriu% as well as the Materials Studio (3.2)
values are then used as input for eq 12 to obtain a best fit to the software of Accelrys, Inc. (San Diego, CA), was used. Amorphous
dilation data by varying the parametér. polymer packing models were constructed using the Theodorou

The SD model has been criticiZ8dor relying on “educated  Suter methot+2 as implemented in the Amorphous_Cell modtile;
guesses” concerning the shape of the distribution eq 8 and thembD simulations were performed with the Discover engine using
number of sorption siteblo. It will be shown later in this work  the COMPASS force field445 for the Gusev-Suter calculations
that an analysis of th&ee volumeof detailed atomistic packing (transition state theoryf48 the programs GSnet and GSdiff were
models supplies valuable information about these parameters.  ysed. Grand canonical Monte Carlo (GCMC) simulations of sorption

Partial Molar Volume (pmv). The molar volumeV; of a pure isotherms were realized with the Solid_Sorption module of the
species may be defined as the ratio between its volnaad its Ceriug package of Accelrys. The Insight Il and CeA®ftware
quantityN;, measured in moles, at a given temperature and pressuremodules were run on SGI Octane workstations, while the Materials

Studio software was used on PC hardware as well as on an 42

~ Y Opteron processor Linux server. MD simulation runs were per-
Vi= N_ (15) formed with Discover on all three platforms.
i'Tp Amorphous atomistic packing models have been prepared for

. - L . pure PSU at 308 K and a bulk pressure of 1 bar. These “unswollen”
Formally, the partial molar volum; of a species inamixed — 44eis are calledSU Additional packing models have been
system of volumé/ is defined as the variation of the volume with prepared for the swollen state of a @@lymer system, corre-
the amount of substandé of speciesi and constant amount of - gyonging to the maximum gas pressure in our experiments of

other specied\, 50 bar. For the polymer chain of 94 repeat units, i.e., 5078 atoms,
the respective loading, taken from the sorption experiment, corre-
v =V (16) sponds to 80 Comolecules, which have to be packed in addition
: aN, Tof to the chain into the simulation box. Therefore, these packing
LR

models are named in this publicati®&UB80 To obtain reasonable
statistics, three packing models were created for each state (i.e.,
PSU and PSU80Q; 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
= — 17) the specific two “states” observed in the experiment that represent
i the basis for the packing models. CDV

In practice, it may be measured as the ratio of the change in the
volume of the systemAV and in the number of molecules; of
species:
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Table 1. Experimental Values Used to Specify the Simulated Packing Models Named in the First Column

polymer/name p(COy) C(COy) C(COy) dilation density polymer density packing
of state [bar] [cm3(STP)/cnd] [mol/mol(r.u.)] dviv [gcm™3 [gcm™3
PSU b 0.0 0.000 0.00 1.240 1.240
PSU80 50 53.4 0.85 0.067 1.162 1.260

aTarget density of the packing model including the Q@olecules® Bulk pressure of 1 bar.

b)

Figure 8. Single packing model for swollen polysulfone at 50 bar,Gfessure and 308 KPSU8( 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 A;,@displayed as a triatomic molecule in dark gray.

The densities in the last right column of Table 1 represent the the “pure” (unswollen) polymer stat@SUwere built by deleting
target densities for the gas/polymer models. For the swollen andall CO, from the initial packing and subsequent equilibration and
unswollen state of the polymer, three independent atomistic bulk thereby adjusting the volume until the target density was reached
models were realized. The details of the preparation of such and stable undeXpT-MD runs.

atomistic packing models for the swollen state with respect to  Apalysis Methods and Tools.Size Distribution of the Free
experimental sorption and dilation data is described in a recenty/olume.Several definitions of free volume in glassy polymers are
publication® for the systems PES/GGnd PSU/C@ It should  employed in the literatur,depending on the method of evaluation
be noted that the swollen state for PSU at 50 bar in that publication or the subject under investigation. In this work, the accessible free
corresponds to the older experimental sorption measuretheith volume based on the insertion of a test particle is used. To estimate
a lower sorption value (and different dilation value), and accordingly the sjze distributions of free volume elements (FVESs), a recently
to only 55 CQ molecules per polymer chain of 94 repeat units. developed computer prografrwas applied to validated packing
The applied basic techniques of packing and equilibration (MM models. The free volume is derived by the superimposition of a
and MD) are completely described elsewh&t&5! However, a fine grid over the cubic packing model. At every grid point, a hard
summary of the specific approach applied here to obtain the sphere is inserted as a test particle. If the test particle overlaps with
respective models will be given in the following. For the initial any atoms of the polymer matrix, which are also represented by
packing of swollen PSU models, a polymer chain was grown under hard spheres of van der Waals radii, the grid point is classified as
periodic boundary conditions at 308 K and at a density of about “occupied”. If there is no overlap, the grid point is considered as
10% of the experimental value in a simulation box, where 409 CO “free” and contributes to the free volume. Neighboring free grid
molecules were already distributed at random as obstacles to avoidpoints are collected into groups that represent individual holes. The
packing artifacts, such as ring catenations, of the growing chain. grouping is done in two ways. In the first approach (named
For the growing of the chain the Theodore8uter method was  V_connect), affiliation to a group is defined through next neigh-
used, as mentioned above. Then, in this “initial packing”,,CO borship: every point of a group has at least one next neighbor that
molecules were deleted randomly until the g@ncentration was is also member of this group. This approach identifies holes, which
adjusted to the experimental value. With a longer set of successivemay be of complex shape and of large volume. In a second approach
MD simulations, a compression and stimulated annealing of the (namedR_max) for every free grid point, the distance to the nearest
initial packing was carried out until (with additionldNVT and finally matrix atom is determined. By calculation of the gradient, the grid
NpT-MD simulations) well-equilibrated packing models had been points are assigned to the nearest local maximum in this distance.
obtained that showed stable volume fluctuations under the experi- The R_max approach may divide larger free volume regions of
mental pressure (e.g., 50 bar 8U8Q see Figure 8) at a density  elongated or highly complex shape into smaller, more compact
close enough to the given experimental value. (In molecular regions. Originally introduced to match better the situation in
dynamics simulations, an NVT-MD refers to an MD simulation at positron annihilation lifetime spectroscopy experiments (PALS; for
constant number of particles (atoni$) volume of the simulation a more detailed discussion in this context, see ref 49; for PALS
cell V, and temperaturé&, whereas in atNpT-MD, the pressure data on PSU, see refs 52,53 and for a study relating PALS with
is held constant instead of the volume.) By removing all,CO the site distribution model, see ref 54) where the positronium probe
molecules from such a final model without readjusting the volume, can obviously not completely sample very large holes of complex
models were derived that contained only the polymer matrix. These topology, the second approach also seems more adequate to depict
models were namedSU80m They were later utilized to character-  the environment of a sorbed molecule: An oblong hole that is
ize the free volume distribution of the swollen state. Models for constricted at some point would be regarded as a single hol&gyl
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a.l: PSU - V_connect a.2: PSU - R_max

b.1: PSUS0 - V_connect
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c.2: Adjacent FVEs PSUS0 — R_max

Figure 9. Visualization of free volume elements (FVESs) present in slide® A taken from a packing model of nonswollen polysulfoRS( a)

and of swollen polysulfoneRSU8Q b). Free grid points are represented by a probe-sized sphere and colored according to their interconnectivity
as defined by th&_connect (1) and th& max method (2) for better contrast. The FVEsR8U80according to the/_connect method (b.1) are
represented by their surfaces and the,@@lecules (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, containipgathree CO
detected by th& connect method in comparison to the same FVE analyzed bR theax approach (c.2).

theV_connect method. However, a penetrant molecule would have packing modelRPSU and of one swollen modePGU8(). For better

to jump an energy barrier to pass this bottleneck and therefore “see”viewing, matrix atoms are displayed in “stick style”. At free grid

two separate sorption sites. By defining a hole according to the points, a sphere of test particle size is displayed and colored

R_max method, this separation would be recognized. according to group affiliation for clarity, if necessary. It should be
To visualize the free volume obtained by these methods, it does noted that, due to the slicing process and to periodic boundary

not suffice to display the simulation cell as a whole (Figure 8b) conditions, some matrix atoms as well as FVEs appear fragmented

because the matrix molecules obstruct the view and the greator continue on the opposite side.

number of holes interfere with each other if displayed together. To ~ The subdivision of sites by the_max method compared to the

get a better impression, the simulation cell is cut into slices of about V_connect method can best be seen for the FVEs of the swollen

8 A thickness. Figure 9 shows the centerpiece of one unswollen model PSUS8( in Figure 9b: in Figure 9b.1, the FVEs containe(bv
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Figure 10. Size distribution of the fractionalree volume of the p / bar
unswollen PSU and swollen PSU8(Q packing models as detected by . L . .
the R_max method. Figure 11. Sorption isotherm of C@in PSU: Experimental dat#),

elastic fraction of experimental dat®), DM fits to experimental data

. . . . —), experimental data of ref 240), and DM fit from ref 25,
in a single slice taken from the center oP&U80packing model éxt)rapof;ted to 50 bar+ ). “

are shown represented by their surfaces. Partial transparency of

these surfaces allows seeing the G@blecules at their respective  Results

locations inside the cavities. In Figure 9b.2, the same cavities are L L . . .
represented by solid spheres colored according to Rhmax The_ application _of the_ kinetic analysls, described in the
analysis. Here the subdivision of connected free volume regions Experimental Section, yields the fractions of mass uptake
into individual sorption sites can clearly be seen. Although some (sorption) and volume change (dilation) that follow diffusive/
penetrants seem to cluster inside the two especially large cavities,elastic and relaxational kinetics for each experimental step,
theR_max method in Figure 9b.2 reveals the separation (in terms respectively. The resulting values for each pressure step are
of local constrictions) of connected “free” grid points into smaller - added, resulting in two separate isotherms (diffusive/elastic and
groups forming sorption sites. The relevance offhenax method  relaxational). Summation of the two parts gives the total
to the detec.ti(.)n of sorption sites becomes espec.iallly obviogs if the isotherm as it is usually presented. Because a more detailed
FVEs containing C@are enlarged and viewed individually (Figure  giq0 ssjon of the relaxational fractions is beyond the scope of

90). ) o this work, here the focus is on the total isotherms and the
To quantify the volume for each definition of a free volume jiffusive/elastic fractions.

element, the number of lattice cells (or “cubelets”) belonging to a Sorption of CO, in PSU at 35 °C. Dual Mode Sorption

group was considered. To further approximate the value for the Analysis.This work’s sorption data of PSU/GQt 35°C are

volume that can be occupied by the probe molecules placed on o . .
“free” grid points, (and not only the occupied part with respect to presented in Figure 11, together with the DM fit curves of Erb

the center of the probe), a correction is nddr cubelets and PauP® defining the boundaries of experimental values for

positioned at the “surface” of the FVEs. PSU/CQ as discussed in the Introduction (see Figure 1).
Figure 10 shows quantitatively the shift of the size distribution . The data of ref 2,4 are included in the plqt to show th.at, even

between the unswollen stae$U) and the swollen stat®SUS0, if the same matgnal and the same expenmental equipment is

which represents the system at 35 and 50 bar C@ The plot used, deviating isotherms may result, mainly due to sample

shows the fractional contribution to tfree volumeversus the radius ~ prehistory but also differing analysis methods and small
of a volume-equivalent sphere representing the cavity size, as isimprovements in experimental setup. However, both isotherms
common in the literature concerning PALS experiments (but in lie within the range of literature data that is marked by Erb and
contrast to Figure 19). The bar diagrams each represent the mearpaul25 as already mentioned in the Introduction. The DM
value of three packing models for the respective state. Comparedparameters of all sorption isotherms available in the literature
to the unswollen state, the swollen state shows a decrease in theyrg compiled in Table 2. The data of refs286 were extracted
number of sites of smallest volumes and an increase of rned'umfrom scanned plots and their values determined computer aided.

sized and large FVEs. The area of each diagram may serve as - .
measure for the total accessililee volume This area is larger for Ei:or better comparison, least-squares fits of eq 6 (DM model)

the swollen state, i.e., the totibe volumeincreases. Because of ~ ere performed with all literature data. The parameters are given
the decreasing number of FVEs, their average size increases. Thign Table 2 along with the originally reported parameters, where
can be seen in Figure 10, where the maximum of the size available. As often reported and confirmed by Figure 11, the
distribution of the swollen state is shifted by ab@uA to alarger DM model is able to describe the data very well. However, the
value of 3-3.5 A with respect to the radius of equivalent spheres. dual mode sorption parameters show a clear dependence on the
CO, Sorption in Swollen and Unswollen Packing Models of ~ maximum pressuré. This dependence is quite strong at
PSU.The atomistic packing models of the swollen and unswollen pressures below 20 bar for the PSU/C€ystem, hence it is
state were used to calculate £€brption isotherms, assuming a recommended to use the parameters for interpolation only.
rigid polymer matrix and therefore exclusively using the free volume Despite this, in Figures 1 and 11, the DM fit curves based on
elements of the matrix as sorption sites. This was carried out by the data of Erb and Paul are extrapolated to 50 bar to roughly
grand canonical Monte Carlo (GCMC) simulations. This well-  ghow the range of experimental data on PSW/CG@d to

documented technique permits the calculation of phase equilibria ; i :
between gas and sorbate phase. The properties of the sorhed COemphaS|ze the conditioning effect that takes place during the

. : measurement.
molecules in the FVEs of the polymer matrix are calculated by .
statistical sampling of molecular configurations that are consistent Figure 12 shows the dependence of the DM model parameters

with temperature and chemical potential of the penetrants. Assuming©n the maximum pressure that is included in the fit. At a pressure
phase equilibrium, the chemical potential is calculated from the Of aboutpmax= 20 bar, the dependency levels off. Speaking in

gas phase at the specified temperature and pressure using aterms of the model, Langmuir mode sorption seems to be
adequate equation of state (here: Peng Robinson). complete at this pressure, so the Henry's law SOM%%V
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Table 2. Dual Mode Sorption Parameters for PSU/CQ from Available Experimental Data in the Literature

fit of eq 6 to extracted literature data

reported literature parameters

pmax kd Ch b kdb Ch’ bb
reference comment [bar]  [cm3(STP)/cnibar]  [cm3(STP)/cnd]  [l/bar] [bar]  [cm3STP)/cni]  [L/bar]

Erb and Pa@p conditioned sample 20 0.697 21.53 0.322

aged sample 20 0.459 15.06 0.242
Wang et af? as receivedl 2.5 0.724 9.683 0.594 0.383 13.3 0.396
Chiou et ak° 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 etal®  cast sample 20 0.661 20.73 0.262 0.718 19.6 0.257
Wang et ak! as receivetl 25 1.50 5.854 0.821 0.681 11.5 0.415
Kamiya et al® first sorption run 50 0.564 16.59 0.211

second sorption run 50 0.421 26.29 0.221
Bohning et ak* same material as thiswork 40 0.468 15.93 0.396 0.446 16.74 0.354

aThe 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 equdligxeelht for ref 24, the original parameters were reported in units
of cm¥(STP)/cn¥/atm and 1/atm respectively and were converted t&®MP)/cn¥/bar and 1/bar using a factor of 1.01325 atm/bar.
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Figure 13. Sorption isotherm of C&in PSU: experimental dat®],
GCMC simulation onPSU (a) and PSU80(¥), DM fits (- - - ), and
linear weighted average of DM fits+) (cf. text).

Figure 12. Dependence of model parameters on the maximum pressure
used for fitting. DM parameterdk @, #), DM parameters gained from
literature dataf{, 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. . . .
This approach was used to determine concentrafwassure

isotherms for both packing models with the result shown in

koefficient ky may be determined with reasonable certainty. Figure 13. Table 3 gives the parameters that best represent the
Parameters of the literature data as compiled in Table 2 fit well calculated concentration in the swollddU8(Q and unswollen
into this scheme (open symbols). (PSU atomistic model, in addition to the DM parameters

Grand Canonical Monte Carlo (GCMC) Simulation. obtained for epxerimental data of this work. The calculated
Sorption of gas molecules at elevated pressures is accompaniegdorption isotherm for the unswollen mod&sU shows good
by a dilation of the polymer matrix. Because the dilation is in agreement to the experimental data in the low pressure range.
part relaxational, the direct molecular dynamics simulation of The expected deviation at higher pressures can be understood
the processes would be too time-consuming to be realized.in terms of a saturation of the above-mentioned “hole filling”
Therefore, Heuchel et &f.recently introduced the concept of process of the matrix at fixed density and accounts for the low
using preswollen packing models to represent high concentrationvalue of theky parameter. Likewise, the overestimation of
states of polymer/gas systems. If this approach proves to beexperimental data by the “hole filling” of the swollen model is
adequate, the concept, although still dependent on experimentahccounted for: théPSU80 packing model was designed to
input, will further improve the understanding of the processes accommodate the experimental concentration of, @Othe
involved. indicated point (50 bar) in Figure 13 and to match its density.

In the previous section, the packing procedure of two Therefore, its matrix is overly open at low pressures to be
atomistic models of polysulfon®SUandPSU8Q was described  compared to experimental data but expectedly meets the
in detail. They were built to represent the original unswollen experimental concentration at the highest pressure.
state of polysulfoneRSU), and the high concentration, swollen The two static reference states show good agreement only in
state of the polysulfone/CQystem at 50 baRSU8(). To verify a small pressure interval corresponding to the represented state.
the capability of these models to describe LClubility in To overcome the disagreement between experiment and simula-
polysulfone, grand canonical Monte Carlo (GCMC) simulations tion at intermediate pressures, a transition between unswollen
were performed on both packing models, in the cade3180 and swollen state must be achieved. The most obvious difference
after removal of the 80 COmolecules (models denoted as betweenPSU and PSU80are their densities. In the nonequi-
PSUB0M. The GCMC technique allows the calculation of phase librium thermodynamics of glassy polymers (NET-GP) model,
equilibria between the gas phase and the penetrant phase. Thatroduced by Doghieri and Saffithe density of the polymer
calculations were carried out on a single configurational matrix is used to describe the nonequilibrium character of glassy
“snapshot” of the packing models, i.e., the position of matrix polymer/gas systems. To predict sorption isotherms, at each
atoms was fixed. The calculated concentration therefore re- pressure and given density of the matrix, the Gibbs free energy
sembles a “hole filling” without taking into account the swelling is minimized to calculate the equilibrium concentration of
of the matrix. penetrants from pure component data. This corresponds e@B\Iy
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Table 3. Dual Mode Sorption Parameters from the PSU/CQ Data Obtained in This Work

max Gy b
source dataset/method [Ft))z;r] [cm3(ST||;c;/cn?/bar] [cm3(SThP)/cn’$] [bar ]
experimental total sorption 50 0.805 12.85 0.384
elastic fraction 50 0.390 18.49 0.238
modeling PSU(GCMC) 50 0.046 14.64 0.296
PSU8B0O(GCMC) 50 0.171 45.07 0.813
eq 20 50 0.865 10.78 0.450
aSee Figure 11° See Figure 13.
50_' ' " " ' ] the distribution of Gaussian shape decays to a Dirac delta
4 function (one site energy for all sites). As more and more data
“c 0. » | points are included in the fit, both effects, swelling and
o - plasticization, change the structure of the amorphous polymer
B 504 -~ - matrix, and the result of the SD model fit that should give
22 information about the original structure of the matrix is altered.
§ 20- ] In fact, the kinetic analysis indicates that relaxational swelling
o in the PSU/CQ system seems to take place at even lower
101 7 pressures than 20 bar. On the other hand, the parameters that
0 | give the best fit to the data become less reliable when fewer
0 10 20 30 20 50 data points are taken into account. Therefore, following the
p / bar interpretation of elastic/diffusive sorption that was discussed

Figure 14. Sorption isotherm of Cgin PSU @). Crossed out symbols 11 the Experimental Section and abiding to the suppasgin
were excluded from the SD fitf). Elastic fraction: all data points  Of the distribution of site energies as stated by eg®,7it is

(@) are included in SD fit{- - ). plausible to include the diffusive fraction of sorption only to
) obtain the parameters of the site energy distribution. It must be
to the GCMC calculations on th®SU and PSU80 model noted that, even if only the diffusive fraction is taken into

packings at the pressures 0 and 50 bar. For intermediateaccount, the structural changes of the matrix are taking place
pressures, the assumption of a linear change in density withnonetheless, increasing the width of the site distribution. Yet,
pressure can be adopted to accomplish the transition betweerat the regarded levels of concentration, this change does not
PSU and PSUB0 Assuming the relationship between density |ead to significant differences in the diffusive fraction of
and solubility to be linear as well, the transition may be sorption. Therefore, it is justified to utilize the complete diffusive
mathematically expressed as a linearly weighted average of bothfraction of the sorption isotherm to obtain structural information
isotherms: of the original matrix.
Figure 14 shows also the SD fit through the diffusive fraction
—[1__P \F P .6 of sorption. The whole set of data is represented very well. The
cr) (1 ppsusc) CesuP) * Prsuso CesusdP) (20) parameters of the fit are documented in Table 4, along with
best fit parameters obtained from extracted literature data, here
whereppsusois the pressure at whichRSU80was designed to  using data below 20 bar only. The parameters obtained from
represent the swollen state € 50 bar).Cpsyp) andCpsusdp) data for PSU/C@of Kamiya et aP® had been summarized by
are functions of the pressupethat best represent the calculated Kirchheim 17 as Gy = Hg — TS = —16 + 0.115T kJ/mol
data points. The resulting sorption isotherm describes the before. .
experimental data rather well, as can be seen in Figure 13 and All values for the parameteiS, andadg of the Gaussian site
by comparison of the DM parameters listed in Table 3. energy distributions agree within 15%, with the exception of
Site Distribution. Figure 14 shows the measured sorption the values obtained using the number of sNgs= Nv_connect
data (total sorption) and the corresponding diffusive fraction according to theV_connect method. To our knowledge, not
as well as the respective representation by the site distributionmany site distribution parameters for the polysulfone/CO
model (eq 9). Following Kirchheirk, data above 20 bar were  system have been published yet. However, the Gaussian
excluded from the fit because the model does not account for parameters reported in this work are well in line with values
relaxational swelling of the matrix, which becomes significant for several polymer/C@systems compiled in ref 17.
at CQ, pressures above 20 bar. Figure 12 shows also the Some uncertainty remains about the number of sorption sites
dependence of the paramet&sanddg of the SD model. It is Np available to accommodate penetrant molecules. Kirchieim
obvious that the SD model parameters do not depend as stronglyoffered several ways to estimalt®, providing values ranging
on the maximum pressure included in the fit as the DM model from 3 x 10?1 cm3to 6 x 10?1 cm™3. Because none of these
parameters do. However, if data above 20 bar are included incould be favored for physical reasons, the estimate of
the fit, both parameter$, and ¢ decrease slightly with No = 6.7 x 10?1 cm~3 for easy conversion of units was applied
increasing maximum pressure included in the fit (see Figure to all polymer/gas systems.
12). Wang et aP® evaluated the Gaussian parameters indepen-
This result is consistent with the model: if relaxational dent of Np and used them as a fit parameter, yielding
swelling takes place, the average site volume should rise andNy = 1.1 x 10?* cm™2 for the polycarbonate/COsystem,
therefore the elastic energy necessary to occupy the siteranking at the lower limit of the estimates. On account of the
decreases, hence additional sorption occurs. Also, as plasticizacomparison to the majority of published Gaussian parameters
tion is progressing, i.e., the mobility of the matrix is significantly ~of polymer/gas systemd|, = 6.7 x 10?* cm~2 has been used
increased, stresses induced in the matrix upon gas sorption arén this work. As a matter of fact, the dependency of the Gaussian

easier to be relaxed and, as the differences in site energy lesserparameters and in particular of the widtg on the number OEDV
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Figure 15. Dilation vs concentration of COin PSU (t;oth time Figure 16. Dilation vs sorption of C@ in PSU (both pressure
dependent) after pressure step from 25 to 30 bgr partial molar dependent) and the resulting partial molar volurifggrom the total
volumesV, were calculated from the slope of the curve. sorption and dilation isotherm®j as well as their diffusive/elastic

(@) and relaxational fractions).

sorption sites becomes quite strong toward the lower limit of
No. It is therefore necessary to choose the number of sorption generated by relaxation of the matrix. Figure 16 shows the pmv
sites with great care. Using the free volume analysis of detailed of CO, in PSU of all fractions independent of time over the
atomistic packing models as described above, another basis fowhole pressure range. Polynomial fits were used to interpolate
an estimate of the number of sorption sites is available. The the pressure dependent data of sorption and dilation.
corresponding results will be discussed in a later paragraph.  The values for the total isotherm (30 &mol) and the elastic

Dilation. Partial Molar Volume. Upon sorption of CQ fraction (22 cni/mol) lead to hole volumes of 16 and 24 ¥m
molecules into the polymer matrix, a macroscopic volume mol for the average occupied sorption site, respectively. It has
change (dilation) of the polymer sample can be observed. In to be noted that the former includes the generation of additional
liquids or silicone rubbers, generally an equilibrium value of free volume by relaxation and therefore misrepresents the

Veonmbbery = 46 cn¥/mol is observed for thepartial molar average size of occupied sorption sites because eq 19 only
volume (pmv) of carbon dioxidéwhich is close to the molar  considers elastic deformation, which is represented by the value
volume found for liquid CQ. In the following, this value will obtained from the elastic fraction.

be regarded as the penetrant phase molar voluwye=( Partial Molar Volume from MD Simulations'he effect of
Veo,nubben), as discussed above. In glassy polymers, lower values volume dilation of a polymer by sorption of G@an also be

for sorbed CQ@ molecules of about 2630 cn¥/mol are observed and analyzed utilizing molecular dynamics simulations.
reported-?38 For CQ; in polysulfone (PSU), Kamiya et &l. Because simulation of the diffusion of carbon dioxide into the
report a concentration dependent pmv of-B1 cn¥/mol in packing model is far too time-consuming, the penetrant mol-
the concentration interval of 545 cn#(STP)/cni(polymer). ecules are inserted into the packing model with a Monte Carlo

Figure 15 shows the dilation of polysulfone by sorption ofCO  procedure so that a configuration of minimal energy is obtained.
following a pressure step from 25 to 30 bar. The best fits of the In this case,N = 24 molecules were inserted into a single
kinetic analysis function, eq 3, to the sorption and dilation data unswollen packing modePSU), corresponding to a concentra-
presented in Figures 3 and 5 were used to plot the experimentallytion of 15.6 cni(STP)/cni(polymer). A shortNVT MD run of
observed dilation against the amount of £frbed due to the  a few femtoseconds is at first needed to energetically stabilize
current pressure step (for clarity, these fit functions were plotted the system after the insertion of penetrants into arbitrary
as open circles). It has to be noted thatxkexis represents the  positions. The system is then allowed to reach a (pseudo-)
time dependent concentration increase of ,COhe cor- equilibrium volume performing aiNpT-MD run of 300 ps at
respondent nonlinear time scale is given at the upgeexis of p = 10 bar andT = 308 K. Concentration, pressure, and
Figure 15. It can be seen that the pmv (i.e., the slope of the temperature parameters for this MD simulation were chosen
curve) is developing in time, revealing the pmv of the rapidly according to the mass uptake of gi@to polysulfone in a one-
sorbed CQ (elastic/diffusive fraction) to be only 60% of that step sorption experiment {dL0 bar at 308 K).
of the relaxational fraction, which turns out to be about the value  Figure 17a shows the resulting volume dilation average of
for rubbery polymers or liquid¥y. three packing models. The near instantaneous “reaction” of the
As already addressed in the Introduction, Nel#m®inted models even on this small time scale and the partial reversability
out that the initial rapid stage of sorption would lead to stresses upon removal of the penetrants point to the elastic character of
in the polymer matrix due to the misfiv§ — Vi) between the the dilation. The hysteresis that shows up in the contraction
volume of the penetranty and the volume of the sorption site  suggests that part of the induced dilation requires more time to
Vh. The relaxation of these stresses is accompanied by a decreaseecover. It must be noted that the individual packing models
in chemical potential of the sorbed phase in relation to the gas behave differently in this regard, one recovering completely
phase, which is compensated by further sorption. while the other two showed significant hysteresis. It stands to
Using the experimentally determined partial molar volume reason that contraction upon removal of penetrants shows some
of the rapid stage of sorption as shown in Figure 15 and the inelastic behavior because penetrant molecules surely produce
volume of the CQ penetrant phasls?xfg = 46 cn¥/mol, eq 19 a stronger driving force than missing penetrants. In fact, longer
yields an average &fy occ= 29 cn#/mol for the sites occupied  runs of penetrant filled packing models showed some small
(index occ) in the rapid stage of sorption at this concentration additional dilation behavior on the time scale of a nanosecond.
level of aboutC = 35 cn?(STP)/cni(polymer). The result of In the corresponding laboratory experiments, sorption as well
practically zero for the relaxational stage (becalVsex V) as dilation (see Figure 17b), the g@ressure is raised in a
simply reflects the fact that, to accommodate a,@Wlecule single step fronp = 0 bar top = 10 bar and released again
in this stage of sorption, a volume &f, = \79 needs to be after 2 h. In the sorption measurement, a (pseudo-) equilibE:LBQ/
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Figure 17. Dilation and contraction after insertion/removal of £@olecules into PSU packing model and subsequent equilibratipi-¢D)
(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.

substantial diffusive jumps are observed and therefore the
contribution to the overall dilation in a laboratory experiment,
caused by C@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 CQ amounts to 19 citmol, while the actual
experiment finds 24 ci#mol, indicating occupied holes of an
average volume of 27 and 22 émol, respectively (eq 19).

Volume Distribution of Sorption Sites. In the context of
the site distribution model, the local volume fluctuations of
] ] o ] ) ) Gaussian form at temperatures abdyere frozen in at lower
Figure 18. Experimental dilation®) and its elastic fraction®). The temperatures and lead to a size distribution of hole volumes,

solid line represents a best fit of the average hole volMueo the . . - S . -
total dilation (crossed out symbols excluded) and the dashed line to Wich @gain leads to the Gaussian distribution of site energies

the elastic fraction (all points included), in each case using the respectiveWith the average site ener@ and widthée. The parameters
parameterss, and ¢ obtained from the sorption fit. 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

concentration of 15.6 cf(STP)/cni(polymer) was reached. isotherm adjusting the average hole voluvag while the width
Simultaneous to the sorption/desorption of £ @hich is ov of the volume distribution is derived from eq 10 usibg.
following Fickian diffusion kinetics, the polymer sample shows Figure 18 shows the result of the fits to the total dilation
almost reversible dilation and contraction. The slight hysteresis (solid line), again not including data above 20 bar, and to the
that is observed in the contraction can be ascribed to the elastic fraction data (dashed line). The resulting parameters are
concentration dependence of the diffusion coefficient and of compiled in Table 4. Again, as explained in the former
the mobility of the polymer matrix and should therefore not be paragraph, it is plausible to use the data and parameters of the
related to the above-mentioned hysteresis of the simulatedelastic fraction, which are expected to give the best representa-
dilation, which is expected to recover on a much smaller time tion of the structure of the original matrix.
scale. As pointed out earlier in this work, the choice of the number

The agreement in sorptive dilation of experiment and model of sorption sitedNg = 6.7 x 10?1 cm3, to be used in eqs 8 and
within 20% is remarkable, considering the small size of the 9 of the SD model, has been a matter of rough estimates.
packing models and the fact that on this small time scale, no Ultimately, the value olNp = 6.7 x 10?1 cm~2 was chosen for

Table 4. Site Distribution (SD) Model Parameters (egs 11 and 12) of Experimental Datdor PSU/CO, of This Work and Literature Data and
Number and Average Volume of FVEs as Determined from Atomistic Packing Models

Gaussian site energy Gaussian size number
distribution distribution of spherical holes of sites
Go oG Vho Ov No
[kd/mol] [kd/mol] [cm3/mol]e [cm®/mol]e [102tcm3)
Erb and PadP aged 20.7 11.9 6.7
conditioned 18.1 11.4 6.7
Wang et ak? 19.2 11.0 20.4 6.2 6.7
Kamiya et ak® 35°C 19.¢ 12.p 6.7
45°C 20.2 12.¢ 6.7
55°C 21.¢ 12.¢ 6.7
65°C 21.9 12.1 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
No = Nv_connect 12.9 8.0 20.7 4.7 2.8
No = Nr_max 175 10.6 19.0 5.0 49
PSUV_connect 35.C¢ 2.8
PSUR_max 19.C¢ 4.9

a|f not stated otherwise, parameters refer to measurements°&. 3%econd sorption run at 3&. ¢ Average value from three packing model3Vidth
of the distribution was held fixed and only,®vas varied to fit the dat& Use a factor of 1.66 H(cm#/mol) to convert into &

Ccbv



9602 Hdlck et al. Macromolecules, Vol. 39, No. 26, 2006
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Figure 19. Site distribution as probed directly in the packing model from experimental data, using the number of available sorption sites
(PSV and calculated from experimentally obtair@@parameters using ~ from free volumeanalysis of packing models (solid lin®?_max and

Nv_connect@NdNR_max @S NUMber of sorption sitdé, (see eqs 8 and 9). dashed lineV_connect method). The hatched area represents the
coinciding occupied sites at a concentration level of 35(&HP)/cni.

convenient unit conversion. The free volume analysis of the It can be seen that, in this range, the distribution of occupied sites is
static packing models discloses a possibility of determination Practically independent of the analysis method of FVE.
of the number of sorption sites. Two methods were introduced .
in a previous section that probe the free volume distribution of O Very large free volume elementsiy conneci= 2.8 x 107
atomistic packing models. The analysis was performed on three¢M % Vi = 35 cn? mol™). These modeling results for the
independent unswollen models of polysulfone (PSU). Both number of sites agree veryweIIW|th the estimates of K|rchhe|n_1,
methods of analysisR_max andV_connect, depend on the and therefore such packmg modgls seem to be an alternative
choice of probe and grid size; while the former will find more Source for the determination of this parameter.
and smaller sites with decreasing parameters because the The total number of sites per packing model of each method
nonaccessible volumes (e.g., within phenylene rings) are was taken as parametéh to fit the SD model (eq 12) to
detected as well, the latter method will eventually detect the experimental data. Parameters and results of the obtained hole
complete free volume as one space. To reasonably deal withsize distributions are compiled in Table 4 and shown in Figure
the problem, the probe size was set to the size of a hydrogenl19. It should be noted that both Gaussian distributions coincide
atom (van der Waals radius), with about half the radius as grid at the large volume tail. This is expected because in this way,
spacing. It is inherent in the method of analysis to exhibit the up to the concentration level reached in the experiment, the same
greatest uncertainties for small volumes where the dimensionsdilation effect is achieved regardless of the number of sorption
of the volume are comparable to the grid spacing. Furthermore, sites. In Figure 20, this is demonstrated by showing the Gaussian
it is an artifact of the calculation algorithm to yield undersized distributions presented in Figure 19 along with the distribution
volumes if the number of free grid points is small. Therefore, of occupied sites. To obtain the latter, the distributions of site
for the determination of the number of sorption sites, all spaces VolumesNg_max(Vh) and Ny_conne Vi) Were multiplied with a
of volumes not larger than that of hydrogen were assumed to Fermi—Dirac statistic of a widtlsep scaled in the same manner
be “bottlenecks” (potential diffusion paths) rather than sorption as the widthsoy to 6c. The area under the distributions of
sites and excluded. This appears somewhat arbitrary, but Figureoccupied sites represent the concentration level of the diffu-
19 shows that this specification leads to reasonable resultssive fraction at 45 bar. In the hatched area, the distributions
concerning the comparison to distributions gained by the site of occupied sites of both site volume distributions
distribution model. Nv_conneVh) and Nr_max (Vi) coincide, differing only in the
Both distributions obtained this way are displayed as bar upper and lower volume margin (blackR_max; gray:V_con-
charts in Figure 19. As expected, tRemax method yields nect).
more but smaller sitesNg max = 4.9 x 10% cm 3, Vy = It is comprehensible that, within limits, any number of
19 cn? mol™Y), whereas th& connect method detects a number sorption sitesNp will result in a Gaussian distribution that

Table 5. Obtained Values for the Partial Molar Volumes of CQ; in PSU? and the Occupied Hole Size According to eq 19

reference methdd comment Vp [cm¥/mol]e Vh.occ[cm3/mol]e
Fleming et at* CQ,in liquids 6-liquid-average 46
Kamiya et aP’” concentration dependent —85 cnP/cm? range 16-31 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

aExcept for ref 4, which is reported to give a measure of a truly relaxed pmv of sorbed @values were determined at 3&. ¢ Use a factor of 1.66
A3/(cmB/mol) to convert to & CDV
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coincides with the large volume tail of another and yield an  The fact that the site distribution model is able to describe
equally good fit to the data. Accordingly, the mean voluvig the diffusive/elastic fraction of experimental sorption and
as well as the widtlay, will decrease with an increasing number dilation data quite well and the reasonable agreement of the
of sites. For the comparison of the Gaussian distributions with parameters with modeling results, in unison with the successful
those found by analysis of atomistic packing models, it also simulation of the elastic response of the matrix to penetrant
has to be kept in mind that, while the SD model is derived from molecules by detailed atomistic modeling, confirms, to a certain
considerations of the abovigrdynamics, the volume analysis  extent, the perception of the processes involved as established
is performed on a static atomistic model of polysulfone. by the site distribution model.
Moreover, continuum mechanics and idealized spherical shapes Following up on these promising new ways of comparison
are assumed in the SD model, whereas the volumetric analysisof laboratory experiments and molecular modeling, further effort
does not distinguish between geometrical shapes. But largeis necessary to converge the respective boundary conditions and
volumes detected by model analysis may well be narrow in one to reconcile them with the assumptions made by phenomeno-
or two dimensions and not necessarily accommodate penetrantogical models.
molecules as well as would spherical holes of the same volume.
This will especially be the case for thé connect method.  Appendix
Despite these potential drawbacks, volumes are found within
the same order of magnitude. In fact, the mean volume of sites Selected Notations Used in This Work
of theR_max method even matches that of the corresponding y, molar volume of species
Gaussian d|str|but|on_of the SD model. _ v, volume of species
cortesponds 1o, he concentration of the-elast. raction at molar quanty of species
45 bar, about 20% of the siteR (max) are occupied. Filling 2\6 volume change of the polymer/ggg system
. ) L i change of molar quantity of species

up the sites of a Gaussian distribution to that level from the ¥ = AVIAR tial mol | ‘ o
largest to the smallest hole, the average occupied hole has a. ' Par 'al mofar vo u:r‘ne of specias .
volume of 25 crdmol (see upper axis of Figure 19); applying 9 penletragt phase motlar volume of speciesn
the same procedure to thie max distribution yields 49 c#h ~ relaxed environmen N

. g o 7 . 9 molar volume of CQ(gas) solved in liquids (relaxed
mol. But while for the Gaussian distribution this yields a partial environment)
molar \_/olume of 21 criimol that agrees well W|t_h t_he (_)ther A (spherical) volume of a sorption site (hole)
values in Table 5, the average volume of Bhenax distribution, &

i i Vi molar volume of occupied sites (average
pictured as a spherical hole, would be large enough to - "°% P ( ge)

accommodate COpenetrant molecules without dilation. This P Eimsle:no?‘lzg:/?ilgr:n;tg; Cgr(\?;:ireaggit of polvmer
is another argument to incorporate the dynamics and aspherica{\|0 (ref 17) P P poly
geometries in a more detailed, general analysis of the intermo-NV t number of FVESs detected by tve connect method

. . __connec =
lecular space of polymer packing models with regard to the Ne_ma number of FVEs detected by tiie max method

assessment of possible sorption sites.
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