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ABSTRACT: A computational method for the calculation of the solubility of gases, including argon, hydrogen,
nitrogen, carbon dioxide, methane, and propane, in polystyrene over a wide range of temperatures and pressures
is described. The excess chemical potentials and the partial molar volumes of gases in polystyrene were calculated
using Widom'’s test-particle insertion method. Using the calculated chemical potentials and partial molar volumes
of the sorbed gases at a fixed temperature, the chemical potentials in the polymer phase were expanded in terms
of the pressure. Performing a grand-canonical ensemble molecular dynamics simulation of the gas phase, we
calculated the phase coexistence point using a recent method by Vrabec and\asB&ys.2002 100, 3375~

3383]. The results on the calculated solubility coefficients and solubilities over a wide range of temperatures and
pressures are compared with experimental data.

Introduction Traditional approaches for the calculation of the phase
Knowledge of the solubilities of small molecules in polymers €quilibria and sorption of penetrant molecules in polymers are
is essential for the design and operation of polymer plants so Pased on equation-of-state mod#iSwhich take into account.
that residual monomers, oligomers, and polymerization solventsth® PVT properties of both gas and polymer, and the activity
can be removed from the polymer products. Gas solubilities Coefficient models;” which take into account the specific
also play important roles in such applications as designing INteractions between polymer and penetrant molecules. Molec-
polymer barrier materials for packaging applications, developing Ul&r simulations are the other attractive method for this type of
membranes for gas separations, foaming, and plasticization. Foicalculation. These methods do not invoke any approximations,
gases in polymers, the solubility describes the concentration of 2nd predictions are based on well-defined molecular character-
the gas inside a polymer at equilibrium with the gas at a partial 'StiCS-
pressureP and is often described by the dual-mode sorption ~ Many computational studies of the permeation of small gas

theory?2 molecules through polymers have appeared, which were de-
signed to analyze, on an atomic scale, diffusion mechanisms or

_ bP to calculate the diffusion coefficient and the solubility param-

C=kP+C, 1+ bP @) eters. Most of these studies have dealt with flexible polymer

chains of relatively simple structure such as polyethylene,
whereC is the concentration of the gas in polymés, is the polypropylene, and poly(isobutylen&)!2 There are however
Henry’s law solubility coefficientC., is the saturation concen- a few reports on polymers consisting of stiff chains. For
tration of the gas, ant is the affinity coefficient. This model ~ example, Mooney and MacEIr&}studied the diffusion of small
assumes that there are two distinct modes by which a glassymolecules in semicrystalline aromatic polymers, and Cuthbert
polymer can sorb gas molecules: Henry's law and a Langmuir et al’* have calculated the Henry’s law constant for a number
mechanism which corresponds to the sorption of gases intoof small molecules in polystyrene and studied the effect of box
specific sorption sites in the polymer. The Henry’s law constant size on the calculated Henry's law constants. Most of these
has the same physical meaning for glassy polymers as it doegeports are limited to the calculation of solubility coefficients
for rubbery polymers and liquids, whereas the Langmuir-type at a single temperature and in the zero-pressure limit. However,
term is believed to account for gas sorption into interstitial there are few reports on the calculation of solubilities at higher
spaces and microvoids, which are consequences of localpressures, for example, the reports by de Pablo ¥tai. the
heterogeneities and are intimately related to the slow relaxationcalculation of solubilities of alkanes in polyethylene, by Abu-
processes associated with the glassy state of the polymer. LocaBhargh? on the calculation of solubility of propene in polypro-
equilibrium is assumed between the two modes. pylene, and by Lim et & on the sorption of methane and
The dual-mode sorption equation, eq 1, provides a linear carbon dioxide in amorphous poly(ether imide). In the former
relationship against the pressure in the low-pressure region, i.etwo cases, the authors have used the Gibbs ensemble Monte
Carlo method18to do the calculations, and in the latter case,
C=(ky+C,b)P=38P 2 the authors have used an equation-of-state method to describe
the gas phase. It is the purpose of this paper to calculate the
solubilities of some molecules in polystyrene over a wide range
of temperatures and pressures. Instead of using the Gibbs
ensemble Monte Carlo methdd'® we use a recent method
* Corresponding author. E-mail: h.eslami@theo.chemie.tu-darmstadt.de.deveIOped by Vr.abec and Haé%'@a.”ed grand equnlbnum
Tt Technische UniversitaDarmstadt. molecular dynamics method, which is shown to be superior to
* Persian Gulf University. the Gibbs ensemble Monte Carlo method.

whereS is called the apparent solubility coefficient in the zero-
pressure limit in glassy polymers.
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Figure 1. Temperature dependence of the density of polystyrene at 1.0 atm. The filled markers represent our calculations, and the corresponding
open markers represent experimental data. The lines represent the best linear fit through the calculated points and the break shows themglass transit
temperature.

Table 1. Lennard-Jones Site-Site Potential Parameters for Ar, Ny, where Vy(STP) is the volume of the penetrant gas at STP
and H, conditions o = 273.15 K andP, = 1 atm) andv,, is the volume
gas I (nm) € (kd mol?) o (nm) ref of polymer at temperatur€ and pressur®. Correspondingly,
Ar 0.998 0.3405 50 eq 3 is written as
N 0.109 0.310 0.331 51
Ho 0.0375 0.093 0.268 52 o ) o ) | STR, )
- T,P) — T,P) = —kgTIn 5
Table 2. Potential Energy Parameters for Polyatomic Penetrant Hagasin pOIVmE( ﬂga; kB To
Gases
COs At relatively low pressures the second term on the left-hand
ec (kJ mol) 0.239 o (NM) 0.30 side of eq 5 is nearly zero and can be neglected.
€o (kJ moll) 0.687 @ (e) 0.5888 In this work, the excess chemical potential of a gas sorbed
ac (nm) 0.2792 ¢-o (nm) 0.1163 in polystyrene is obtained by applying Widom'’s test-particle
CH, and GHg?* insertion method? In this method a test molecule is inserted
ec EtJ mOFg 8.226 Glé’c’c ((Eeg) Hrad ) 18182-7 randomly into a polymer configuration, and the excess chemical
en (kI mo 1255 —c—c (kJ mol* ra 488.5 il i
e (nm) 0.350 Ko 1. (k3 ol rad) 4300 potential is calculated as
on (Nnm) 0.250 On—c-n (deg) 110.7
aH () 0.060 On-c—c (deg) 107.8 U= —kgT InlV exp(—AU/K;T)IIN (6)
le—c (nm) 0.1529 @H-c-c—+ (deg) 180.0
IC*H (nm) 0.109 IﬂfcfcfH (kJ mol'l) 5.961

where AU is the potential energy of interaction between the
Theory test particle and the host polymaér,is the volume, andN is
the number of particles. To calculate the excess chemical
potential at infinite dilution, first molecular dynamics simula-
tions are performed at a specified temperature and pressure of
the polymer, without any gas molecules. After equilibration,
several configurations are extracted at different times from the
dynamic simulation and used to insert the test particles. A test
ex ex _ molecule is repeatedly inserted in random positions and random
Haasin poymek T:P) = 14gadT.P) = —kg TIn(SkT)  (3) orientations into the selected configurations, and the energy
change due to insertions is calculated. The excess chemical
potential is then calculated as the average of the Boltzmann
factor of the test particle insertions according to eq 6. This
'Boltzmann factor is interpreted as the acceptance probability
Yin hypothetical Monte Carlo moves, which would insert a
particle into a configuration.

In order to calculate the sorption isotherms, we generate
V.(STP) several simglation cells co_ntaining pol_ymer gnd gas molecules
g=-9"_ (4) at the specified concentrations. The mixture is then relaxed, and

VP the excess chemical potential is calculated using the afore-cited

Considering a real gas at temperatrand pressuré in
equilibrium with a polymer phase and assuming that at
equilibrium the concentration of the sorbed gas inside the
polymer isC, we can write the following expression connecting
the solubility coefficient to the excess chemical potentials:

where kg is Boltzmann’s constant an® is the solubility
coefficient defined asC/P. Because of the fact that gas
solubilities have been determined by means of different methods
they have been expressed in different units. The most frequentl
used unit is the volume of gas (in éweduced to the standard
conditions dissolved in 1 chof polymer, i.e.
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Figure 2. Temperature dependence of the calculated solubility coefficients at zero-pressur®ifaitAr and H sorbed in polystyrene compared

with experimental measurements. For the sake of comparison the calculate results on Ar for a shorter run (a 2.4 ns run) are also indicated in the

figure.
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Figure 3. Excess chemical potential at infinite dilution for methane
(O) and propane() in polystyrene at 300 K and 1.0 atm calculated at

130 ps intervals.
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Figure 4. Temperature dependenceSffor N, sorbed in polystyrene
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plus test particle method;28 various extensions of it to other
ensembled?3%and the Gibbs ensemble Monte Carlo method.

The last technique has been applied to coexistence properties
of simple systems, such as fluids of spherical Lennard-Jones
or Yukawa particles}-32as well as more complex systems, such
as polyatomic hydrocarboffs** and chain molecule®. There

are also reports on the mixed methods in which the molecular
simulation approaches have been utilized to calculate the
chemical potentials in the condensed phase and the results from
equations-of-state predictions to calculate the phase coexistence
pointl® or to calculate the interaction energy parameters of
solvent and polymer, in combination with statistical-mechanical
theories for the study of phase equilibria of polymsolvent
mixtures3® Here, we apply a new procedure called grand
equilibrium molecular dynamics method developed by Vrabec
and Hass¥ to calculate the coexistence point. The method is
explained briefly in the following section.

Method

The Gibbs ensemble simulation method specifies the ther-
modynamic variables temperature, global composition, and
global pressure for the simulation of both phases in separate
volumes. Practically, this set of thermodynamic variables is in
many cases not convenient, and simultaneous simulation of both
phases has the disadvantage that fluctuations occurring in one
phase influence the other one. Recently a new method, grand
equilibrium method, has been developed by Vrabec and Hasse.
This method circumvents these problems for the study of phase
equilibria. The specified thermodynamic variables are temper-
ature and composition, and two independent simulations are
performed for the two phases without the need to exchange
particles in the condensed phase. According to this method for
a mixture composed of several components, it is possible to do
a simulation in the isothermaisobaric (NPT) ensemble at
constant temperature, at constant composition of the condensed
phase, and at an arbitrary constant pressure, preferably close to
the pressure at the phase coexistence point, to obtain the density

procedure. There are several methods for the calculation of phaseof the condensed phase.

coexistence points using molecular simulations, such as
thermodynamic scaling methdé2? histogram reweighting
method?324 the Gibbs-Duhem integration methot#;26 NPT

In the grand equilibrium method, a simulation of the
condensed phase is done to calculate the excess chemical

potentials, 7, and the partial molar volumesy;, of all
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Table 3. Calculated Excess Chemical Potentials (kJ mot) at Infinite Dilution for Gas Molecules in Polystyrene

T(K)
gas 300 340 380 420 460 500

Ar 2.65+0.16 5.32£0.18 7.59+ 0.15 9.00+ 0.22 10.55+ 0.17 12.10+ 0.20

Ha 6.66+ 0.26 8.52+ 0.24 10.61+ 0.22 12.50+ 0.35 14.73+ 0.32 16.50+ 0.27

N 4.57+0.33 7.25+0.29 9.67+ 0.31 11.53+ 0.41 13.25+ 0.34 15.05+ 0.38

CO, —3.10+ 0.44 0.44+ 0.39 3.79+0.37 6.02+ 0.52 8.63+ 0.49 11.77+ 0.44

CHs —0.02+0.30 3.27£0.28 6.23+ 0.24 8.31+ 0.31 10.60+ 0.35 12.82+ 0.40

CsHsg —7.66+ 0.47 —4.144 0.40 —1.694+ 0.45 0.10£ 0.55 2.30+ 0.59 4.30+ 0.47

Table 4. Comparison of Our CalculatedSo Valueigwith Those those used before for polyolefildand the phenyl groups of

Reported by Kucukpinar and Doruker polystyrene were described by the same parameters as the
S benzene model of Jorgensen and Severdhtle parameters

gas this work ref 69 for gnlike interactions were determined using Lorer@nholet
o 0.384 052 mixing rules3” An atactic random polystyrene chain of 200
N, 0.178 0.29 monomers was generaf@din vacuum using the rotational
CHy 1.120 1.1 isometric state theory with the weights of Raptidt consists
CO, 3.851 4.6 of 46% mesodiads. Molecular dynamics simulations at constant

temperature and constant pressure were performed by weak
coupling®® to a temperature bath of 500 K and a pressure bath
of 1.0 atm. The coupling times were 0.2 ps for coupling to the
thermostat and 2.0 ps for coupling to the barostat, and the time
step was 2 fs. All bond lengths were constrained using the
) SHAKE algorithm?4® For nonbonded interactions, a cutoff
V.= V" exp@U/kg )L % distance of 1.1 nm was used, with a reaction field correction
' IVexpAU/kgT)O for the Coulombic interactior®®. The effective dielectric
constant was taken to be 2.5, which corresponds to the value

Knowing the parameteng andx® from this simulation, the ~ for amorphous polystyrene. An atomic Verlet neighbor list was
desired excess chemical potentials as functions of pressure aréised, which was updated every 15 time steps, and the neighbors
obtained from a first-order Taylor series expansion, i.e. were included if they were closer that 1.2 nm. In Figure 1, we
show the temperature dependence of the computed densities of
ox ox V, polystyrene at a pressure of 1.0 atm, computed from molecular
wi (P) = ui (P¥) +ﬁ—(P —P¥) (8) dynamics simulations in the NPT ensemble and a stepwise
cooling procedure, as well as the experimetitdensities. All
where P* is the target pressure at which the NPT ensemble equilibrium configurations at lower temperatures were produced
simulation is done. Once thé*(P) is determined from eq 8 by ~ Py cooling the system down with a temperature step of 20 K
one NPT ensemble simulation of the condensed phase, ondor ar_o_und 3ns. The maximum d_ewayon between our calculated
vapor/gas simulation has to be performed in the pseudo-granddensities compared with experiméhis 1.4% (at 300 K). As
canonical ensemble (pseud®T). In a common grand canoni- 1S Shown in Figure 1, the density decreases almost linearly at
cal ensemblé&’-38the parameters temperature, volume, and the Poth high and low temperatures with increasing temperature.
chemical potential of all species are fixed, while in this pseudo- At atmospheric pressure, a clear change in the slope of the
uVT ensemble simulation, the paramet@randV are fixed in density with respect to temperature occurd gt 370 K, and
the common Way’ but |nstead of f|X|ng the Chem|cal potent|a|3, thIS IS a.n |ndlcat|0n Of the glaSS transition. The eXperImentally
they are set as a function of the instantaneous pressure in th&letermined’ glass transition temperature Bt= 1 atm for a
gas phase. This procedure ensures that equilibrium between théample of polystyrene with a molecular weight of Z810° g
condensed phase and the gas phase is imposed. In a commomol~tis 367 K. The agreement of the calculated glass transition
uVT ensemble simulation, the chemical potentials are set is quite satisfactory despite the obvious difference in the cooling
through insertion and deletion of particles by the comparison rates: a few K/s in the experiment as compared to 7 K/ns in
between the resulting potential energy change and the desirecPur MD simulations.
fixed chemical potential. Here, starting from a low density state  After equilibrating the polystyrene sample at an specified
point, the gas-phase simulation is forced to change its state totemperature and pressure, we performed a 2.4 ns run and
the corresponding phase equilibrium state point. extracted 30 configurations at 80 ps time intervals and did many
Vrabec and Hass pointed out that the pseudo/T en- trial insertions of the test molecules into each configuration.
semble simulation moves rapidly into the vicinity of the phase We then calculated the energy change due to the interaction of
equilibrium state point during the equilibration loop. We have the test molecule with the host particles and averaged the
employed this method in the present work to compute the Boltzmann factor, eq 6, in order to compute the chemical
sorption isotherms of argon, hydrogen, nitrogen, carbon dioxide, potential of gas molecules sorbed in polystyrene at infinite
methane, and propane sorbed in polystyrene. dilution. Since a finite number of insertions only samples parts
of the available conformation space of the test particle, care
must be taken that important contributions to the free energy
Simulations were performed for pure polystyrene and mix- are not missed by poor sampling. We found that inserting 10 000
tures of polystyrene plus the penetrant gases argon, hydrogentest particles per configuration is sufficient to stabilize the
nitrogen, carbon dioxide, methane, and propane. The potentialcomputed excess chemical potential. The insertion positions and
energy parameters for polystyrene were reported previously by also the molecular orientations are chosen as random. A well-
this group3® Parameters for aliphatic carbon and hydrogen are tested random number generator is used for this purffdse.

components. We use the test-particle insertion method to
calculate the excess chemical potentials from eq 6. The partial
molar volumes can also be calculated using Widom'’s test
particle insertion methdf as

Results and Discussion
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the case of liquids, where the motion of the host molecules
provides for sufficient randomness of the local environment at
the insertion point, inserting a fixed lattice of test particles also
may be used? In the case of polymers with relaxation times
much larger than liquids it is believed that random insertions
are safef.

Figure 8. Arrhenius plot of In&) vs 1T for N, sorbed in polystyrene.
The markers show the calculated values, and the lines show the best
linear fit through the calculated points.

The Lennard-Jones potential paraméters used to calculate
the interaction energy between gas molecules and polystyrene
are reported in Tables 1 and 2. The Lennard-Jones interactions
between test molecules and the host polymer are defined by
the standard LorentzBerthelot mixing rules. The potential is
truncated at 1.1 nm, and a standard tail correction is made for
the long-range interactiorfs.

Calculating the excess chemical potentials over a 2.4 ns run
for Ar as test, we have calculated its solubility coefficients in
the zero-pressure limi, according to eq 5. The results are
indicated in Figure 2 and are compared with experimental
measurement3 87 compiled by Paterson et &l.As it is seen
in Figure 2, our calculated values & are higher than the
corresponding experimental values. Similar differences between
experimentally and computed solubility coefficients values have
been observed in previous studi€$? As was found earlier by
Knopp and Sutef? there is an error of (24)ksT commonly
found in the calculation of Helmholtz energies by molecular
simulations. Moreover, the main contribution to the solubility
comes from single holes in the simulated polymer structure,
which might not be present in similar proportion in real
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polymers’ In order to check whether the configurations and did Widom insertions in an ensemble of internal conforma-
generated at 80 ps intervals over a span of 2.4 ns is sufficienttions.

to have a good sampling especially in the glassy state, we have The variations of the infinite-dilution excess chemical po-
performed a longer run, 3.9 ns, and extracted 30 configurationstentials with time for CH and GHs at 300 K over the whole

at 130 ps intervals to calculate the excess chemical potentials3 9 ns of simulation are shown in Figure 3. The fluctuations
and hence the solubility coefficients. The calculated results on fqr CsHs are larger than that of CHThis is reasonable because
the solubility coefficient of Ar sorbed in polystyrene for this  of the larger size of @Hg compared to Chl In fact, a trial
longer run are also shown in Figure 2. Our results show that insertion will be done “successfully” if the particle enters a
the two runs shows a maximum deviation of around 5% at 300 cavity, which is bigger than the particle. The number of smaller
K, while the deviations reduce by a factor of 10 at 380 K. The cavities in a configuration is much larger than the number of
results shown in Figure 2 show that the calculafedialues  pigger ones; therefore, the number of small cavities is more
from the longer run stay lower (get closer to experiment). |ikely to remain essentially unchanged between two polymer
Considering the overall deviation trend of the calculad  configurations than the number of bigger ones. If the cavity
values compared with experiment, we can conclude that the size is big enough, such cavities may altogether disappear and
configurations generated at 130 ps time intervals over a time reappear between two configurations. In a glassy polymer it
span of 3.9 ns are independent enough for Bylvegions; takes a relatively long time of disappearance and reappearance
therefore, we decided to do all the calculations for a period of of big cavities. In this case calculation of free energies for bigger
3.9 ns atT < 380 K and for a period of 2.4 ns @t > 380 K. molecules is less reliable.

The calculated excess chemical potentials from 300 to 500 The calculated solubility coefficients in the zero-pressure
K in 40 K intervals for Ar, b, Ny, CO,, CH,, and GHg are limit, S, according to eq 5, for Ar, i N, CO,, CH,, and GHg
tabulated in Table 3. For methane, and more importantly for are shown in Figures 2 and—& and are compared with
propane, we first sampled their conformations in the gas phaseexperimental measuremet<*’ compiled by Paterson et &.
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Since there is no reported experimental measurement of the

solubility of GHg in polystyrene, we did not do calculations
for this system. Our calculated valuesSfare higher than the
corresponding experimental values by a factor of +.255.
We have also compared our calculag®@d/alues at 300 K with
those of Kucukpinar and Doruk€tcalculated using free volume

calculations done by the transition state approach of Gusev et

al.’2in Table 4. Although our calculate$ values are higher

than the corresponding experimental values, the results in Table

4 show that our calculations are still in better agreement with

experiment compare to the calculated values of Kucukpinar and

Doruker®®

To examine the temperature dependence of the calculated

solubility coefficients, shown in Figure 8 is the Arrhenius plot
of In(S) with respect to the reciprocal temperature fordd a
typical example. As is shown in Figure 8, there are two different
slopes to the curve, corresponding to two mechanisms for
solubility: Langmuir's mechanism at lower temperatures and
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Figure 12. The same as Figure 9 for GH

Henry’s law mechanism at higher temperatures with respect to
the glass transition temperature. The calculated value for the This confirms that the calculated values of the solubility
enthalpy of sorption below glass transition temperature, as is coefficient are higher with respect to the experimental measure-
calculated from the slope of the plot in Figure 8,-43.0 kJ ments nearly by the same factor.
mol~%, which is comparable to its experimeritabalue at 298 To compute the sorption isotherms, we generated many
K, —13.8 kJ mot™. This shows that although the calculated simulation boxes of polystyrene and gas molecules at the
values of solubility coefficients in the zero-pressure limit are specified composition and did molecular dynamics simulation
higher than the experimentally measured values, their temper-at constant temperature and at a constant pressure, close to the
ature dependencies is calculated more accurately. experimental coexistence point. To insert gas molecules into
We can also compare the calculated solubility ratios with the the polymer, we used our implemented grand-canonical en-
corresponding values from experimental measurements. Wesemble molecular dynamics metfiddnd fixed the code so that
have calculated the ratios of solubility coefficients in the zero- it always inserts the molecules into the simulation box, until
pressure limit to that of Ar and compared the results with getting the desired number of inserted molecules. In fact, we
experiment in Table 5. Since there is no experimental measure-insert a fractional molecule and grow it to a full molecule with

ment of the solubility coefficient of KHat or close to 300 K,
we could not compare our results fos iH Table 5. For propane,

the passage of time. When the fractional molecule grows up to
a full molecule, we add it, as an indistinguishable penetrant

there is a large inconsistency between experimentally measurednolecule, to the system and then insert the next fractional

solubility coefficients at temperatures close to 300 K. Here we
got a ratio of 43.6 from extrapolation of experimental data
reported by Yavorskf and a ratio of 101.2 from experimental
data reported by Barrie et #.As is clear from Table 5, the
calculated ratios are within the experimentally obtained values.

molecule and so on. We continue this until reaching the desired
concentration of the gas in polystyrene. Having obtained an
equilibrated mixture of polystyrene with gas molecules at a fixed

temperature and pressure for a period of 3.9 ns, we applied
Widom'’s test particle meth@8to compute the excess chemical
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Table 5. Comparison of the Calculated and Experimental Ratios of experimen®® For GHg at 313 K, on the other hand, there is a
Solubility Coefficients zOf G%Ses with E_es_fed to Ar at 300 K and larger discrepancy between our calculated solubility isotherm
ero-rressure Limi and the corresponding experimental isoth&frPart of this
S (So)ar disagreement, maybe, is due to the large experimental uncer-
gas calculated experimental ref tainty between the reported values of solubility coefficients by
N, 046 050 55. 56 the same authbf compared to the other sourée$’
(of0’} 10.0 10.0 60 (Figure 7).
CH4 2.91 2.85 64
C3Hsg 62.4 43.6-101.2 67, 65 Conclusions

potential and the partial molar volume of the sorbed gas, as We have employed a new molecular dynamics simulation
described above. Then we performed a pseudo-grand-canonicamethod to calculate the solubility coefficients of gases in
ensemble molecular dynamics simulation in the gas phase toPolystyrene. We need to perform two separate simulations
calculate the coexistence point. Setting the values of chemicalone simulation in NPT ensemble of the polymer phase and one
potential, temperature, and volume as independent thermody-Simulation in pseudgeVT ensemble of the gas phasmstead

namic variables, we choose one of the penetrant molecules inof doing simultaneous simulations of both phases which is
the box as a fractional molecule. A fractional molecule is a usually done in the Gibbs ensemble Monte Carlo method. There

molecule whose potential energy of interaction to the rest of iS N0 need to exchange particles between two phases. The excess
the system is scaled somehow by a fractional numbheanging ~ chemical potentials in the polymer phase are calculated using
between 0 and 1. We compute the variation of the potential Widom'’s test-particle insertion method. One advantage of this
energy of the fractional molecule with respecttand compare ~ Method is that once we have an equilibrated sample of
it with the desired value of the excess chemical potential to Polystyrene, it can be US_Gd for inserting as many gaseous
obtain the acceleration on this new coordinatesand solve ~ compounds as we need; i.e., there is no need to do another
the equation of motion. If the fractional molecule grows up, simulation of the polymer phase to calculate the excess chemical
until v = 1, we incorporate it into the system as a new molecule Potential of another gas. A correct trend is calculated for the

and insert a new fractional molecule in the simulation box. On Solubility coefficients of gases with temperature. Although the
the other hand, ifr goes down to zero, we eliminate this calculated solubility coefficients are higher than the experimental
molecule from the system and choose one of the molecules inONes, as it is often found for solubility coefficients calculated
the simulation box as the new fractional molecule and continue Using molecular simulation methods, the ratio of solubility
the simulation. More details for performing grand-canonical coefficients (selectivity) is quite close to the corresponding
ensemble molecular dynamics simulation are described else-€xperimental data. The overall accuracy of the calculated
where3 The computed sorption isotherms for the gases subject SOrption isotherms depends on the initial slofig,calculated

to the present work are plotted in Figures B8. From the  Using test-particle method.

reported results in Figures-43 it is clear that our calculated )

solubilities tend to show higher slopes at low pressures in Acknowledgment. The support of this work by Alexander
accordance with our calculations in the zero-pressure limit. VOn Humboldt Foundation is gratefully acknowledged.
Consequently, we predict higher solubility isotherms compared
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