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Solubility of gases and solvents in silicon polymers: molecular
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The solubility of n-alkanes, perfluoroalkanes, noble gases and light gases in four elastomer polymers containing silicon is
examined based on molecular simulation and macroscopic equation of state modelling. Polymer melt samples generated from
molecular dynamics (MD) are used for the calculation of gas and solvent solubilities using the test particle insertion method
of Widom. Polymer chains are modelled using recently developed realistic atomistic force fields. Calculations are performed
at various temperatures and ambient pressure. A crossover in the temperature dependence of solubility as a function of the
gas/solvent critical temperature is observed for all polymers. A macroscopic model based on the simplified perturbed chain-
statistical associating fluid theory (sPC-SAFT) is used for the prediction and correlation of solubilities in
poly(dimethylsilamethylene) and poly(dimethylsiloxane) and also the phase equilibria of these mixtures over a wide
composition range. In all cases, the agreement between model predictions/correlations and literature experimental data, when
available, is excellent.
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1. Introduction

Accurate knowledge of the solubility of gases and solvents

in polymers is crucial for the efficient design of industrial

processes, as for example a polymer separation process

following polymerization reaction, and of novel polymer-

based materials, as for example highly pure polymers.

Silicon polymers are used widely in many industrial

applications including adhesives, coatings, elastomeric seals

and membrane materials for gas and liquid separations. In all

cases, polymers exist in mixture with one or more solvents.

Gas and solvent solubilities in polymers can be

measured experimentally [1], calculated using empirical

correlations or models with significant theoretical basis

[2]. In recent years, a number of accurate macroscopic

models have been proposed for such purposes. Some of

the most widely used models include Statistical

Associating Fluid Theory (SAFT), Perturbed Chain-

SAFT (PC-SAFT) and their various modifications [3–6],

and lattice fluid theories [7,8]. Calculations with a

simplified PC-SAFT (sPC-SAFT) model will be pre-

sented here.

An alternative way to estimate solubility of small

molecules in elastomer polymers is through molecular

simulation. Advances in applied statistical mechanics and

increase of available computing power at relatively low

cost have made molecular simulation a powerful tool for

this [9]. Polymer molecules and small molecules are

modelled using detailed atomistic representation so that

simulation results are directly comparable to experimental

data [10]. Furthermore, for relatively larger solvent

molecules advanced methodologies have been developed

for the efficient and accurate estimation of their solubility

in polymers [10].

In this work, the solubility of various organic

compounds and gases in different silicon containing

polymers is calculated using atomistic simulation.

Research in “Demokritos” has been directed towards the

development of a force-field for silicon polymers able to

provide accurate prediction of microscopic structure,

thermodynamic and transport properties over a wide

temperature and pressure range [11–13]. This force-field

is tested here for the prediction of solubility of six n-

alkanes, four n-perfluoroalkanes, five noble gases and
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two light gases in poly(dimethylsilamethylene)

(PDMSM), poly(dimethylsilatrimethylene) (PDMSTM),

their alternating poly(DMSM-alt-DMSTM) copolymer

and poly(dimethylsiloxane) (PDMS). The chemical

structures of the four polymers are shown in figure 1.

Solubility of the gas or solvent is calculated using the test

molecule insertion method of Widom [14] that is used

widely for such calculations.

For many practical applications, reliable fast thermo-

dynamic calculations are required and so molecular

simulation becomes impractical. In such a case, an

accurate macroscopic model is suitable. In this paper,

solubility calculations are presented using the sPC-SAFT

model [15,20], a macroscopic model that has been shown

to provide accurate description of polymer melt proper-

ties. Furthermore, sPC-SAFT is used to predict the phase

equilibria of various PDMS–solvent and PDMSM–

solvent mixtures. In the case of a macroscopic model, a

critical issue is the protocol used for pure component and

binary parameter estimation [16]. Some experimental data

for the pure polymer melt and for the binary mixture are

needed in order to tune model interaction parameters.

Here, calculations will be presented for the polymer

mixtures where sufficient experimental data are available

for reliable parameter estimation. For the case of PDMS

mixtures no binary parameter is required while for

PDMSM mixtures a small parameter is fitted to

experimental binary data. Model calculations are in very

good agreement with experimental data in all cases.

2. Atomistic force-field

All of the polymers examined here are flexible polymers

consisting of methyl, methylene, silicon and oxygen (in

the case of PDMS) atoms or groups. Realistic atomistic

force fields for macromolecules account explicitly for the

molecular geometric characteristics as well as for the

non-bonded intra- and inter-molecular interactions. In

this work, force fields based on the united atom (UA)

representation were used. In the UA representation,

hydrogen atoms in the methyl and methylene groups are

not accounted explicitly, thus reducing the number of

“atoms” significantly. Details on the force field

development and parameters for the various terms and

UAs can be found in Refs. [11–13]. A brief description

is given here only.

The potential energy function is written as the sum of

contributions due to bond stretching, bond angle bending,

dihedral angle torsion and non-bonded interactions

between UAs in the same or different chains. In

PDMSM, PDMSTM and the copolymer, non-bonded

interactions consist of short range van der Waals repulsive

and dispersive interactions, while in PDMS long range

electrostatic (Coulombic) interactions also exist. The

functional form of the force field developed in terms of the

potential energy is:

Utotalðr1;...;rNÞ¼UstretchingþUbendingþUtorsionþUnon–bonded

¼
X

all bonds

UðliÞþ
X

all bond angles

UðuiÞ

þ
X

all torsional angles

UðfiÞþ
X

all pairs

UðrijÞ

¼
X

all bonds

kli
2
ðli2li;oÞ

2þ
X
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kui
2
ðui2ui;oÞ

2

þ
X
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1

2
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þ
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� �12

2
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� �6
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þ
qiqj

4p1o

1

rij
þ

ð1s21Þr2
ij

ð21sþ1Þr3
c

 !!
ð1Þ

where li, ui and fi denote bond length, bond angle and

torsional angle, respectively, rij is the distance between

interaction sites i and j and qi is the partial charge on site i.

Subscript o denotes parameter value at equilibrium.

Flexible bonds are used and the potential energy of each

bond is evaluated by using a simple harmonic potential

(first-term on the rhs of equation (1)). Similarly, bond–

angle fluctuations around the equilibrium angle are subject

to harmonic fluctuations (second-term on the rhs of

equation (1)). For all dihedral angles, a 3-fold symmetric

torsional potential is used with f ¼ 08 denoting a trans

state (third-term on the rhs of equation (1)). Finally, non-

bonded interactions are described by a LJ potential for van

der Waals interactions while the reaction field model is

used to account for the electrostatic interactions (last-term

on rhs of equation (1); only for PDMS).

The reaction field method was preferred over the more

widely used Ewald summation method because of its

Figure 1. The chemical structure of the silicon polymers examined in
this work.
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computational efficiency. In equation (1), qi and qj are the

partial charges of interaction sites i and j, 1s is the

dielectric constant of solvent, 1o is the dielectric

permittivity of vacuum (equal to 8.85419 £ 10212 C2

J21 m21) and rc is the cut-off distance for the electrostatic

interactions. LJ and electrostatic interactions are calcu-

lated for all UAs on different chains and between UAs on

the same chain that are three (four for the case of PDMS)

or more bonds apart. Standard Lorentz –Berthelot

combining rules are used to describe non-bonded LJ

interactions between sites of different type:

1ij ¼
ffiffiffiffiffiffiffiffiffiffi
1ii1jj

p
and sij ¼

sii þ sjj

2
ð2Þ

This force field was shown to predict accurately the

PVT properties of polymer melts over a wide temperature

and pressure range, solubility parameters and structural

properties [12,13].

3. Molecular simulation details

All MD simulations were performed at the isobaric–

isothermal (NPT) ensemble using the Nosé and Klein

method [17–19]. In this case, the Lagrangian assumes the

form:

L ¼
X
i

mi

2
s2_r2

i 2 V total þ
Q

2
_s2 2 gkBT ln s

þ
9

2
WL4 _L2 2 PextL

3
ð3Þ

where g ¼ 3nNch þ 1 is the number of degrees of freedom

of the system, n is the number of atoms of each chain, Nch

is the number of chains, L is the box edge length, s is the

“bath” degree of freedom used to control the temperature,

W and Q are the inertia parameters associated with L and s,

respectively, and Pext is the externally set pressure. A fifth-

order Gear predictor–corrector scheme is used to integrate

the equations of motion in Cartesian coordinates. The

values of the parameters W and Q are the same with those

of previous work on PDMSM [11].

All the polymer samples examined consisted of three

chains of 80 monomer units. The initial configurations

were obtained using the Cerius2 software package of

Accelrys Inc. and relaxed with molecular mechanics

before MD [11,13]. MD simulations were performed with

an integration time step of 0.5 fs to ensure system stability

over time. The “equilibration” MD stage was 1 ns long,

while the production run was 5 ns. In order to improve

statistics in the calculated physical properties, for each

state point several (four to six, depending on the

conditions) runs were performed starting from different

initial configurations. In each run, 5000 configurations

were recorded at equal time intervals and they were used

for the calculation of the thermodynamic and of the

structural properties of polymer melt reported in Refs

[12,13]. Furthermore, they were used for the evaluation

of the chemical potential of n-alkanes, n-perfluoroalkanes,

noble and light gases in the polymer melts. Additional

simulation details can be found in Refs [12,13].

The chemical potential was calculated using the

Widom’s test particle insertion method [14]. According

to this, one inserts a “ghost” molecule at a random position

into the simulated system and calculates its interaction

energy with the other molecules. This interaction energy is

directly related to the excess chemical potential, m ex, of

the “ghost” molecule. In the NPT ensemble, m ex is

calculated by the expression:

mex¼m2m ig

¼2
1

b
ln

1

kVlNPT

V exp 2bUintra
ghost2bUinter

ghost

� �D E
Widom

D E�

�

NPT

#
þ

1

b
ln exp 2bUintra

ghost

� �D E
idealgas

ð4Þ

where b ¼ 1/kT, Uinter
ghost is the intermolecular energy and

Uintra
ghost is the intramolecular energy of the “ghost”

molecule. The latter is calculated independently in a

single chain simulation. V is the instantaneous volume of

the system and the brackets denote ensemble averaging

over all configurations and spatial averaging over all

“ghost” molecule positions. The UA force fields used to

model n-alkanes (CH4 to n-C6H14), n-perfluoroalkanes

(CF4 to n-C4F10), noble gases (He, Ne, Ar, Kr and Xe) and

light gases (N2 and O2) are discussed in Ref. [13]. The

fraction of successful “ghost” molecule insertions, that is

insertions that do not result in major overlap with polymer

molecules, decreases dramatically with the size of the

“ghost” molecule. In figure 2, the fraction of successful

insertions as a function of penetrant size parameter for

spherical penetrants is shown at 300 and 450 K, for the

case of PDMS. A similar picture is obtained for the other

polymers, too. Obviously, for the heavier spherical and all

Figure 2. Percentage of successful insertions in PDMS as a function of
penetrant size at 300 and 450 K. Each curve is an exponential fit to the
corresponding simulation data.
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non-spherical penetrants, this fraction is small and a large

number of insertions are needed for statistically reliable

simulations.

From the excess chemical potential, one may calculate

the Henry’s law constant of a solute (gas or solvent) in

polymer, according to the expression:

Hsolute!pol ¼ lim
xsolute!0

rpol

b
exp bmex

solute

� �� �
ð5Þ

where rpol is the density of the polymer. Alternatively, the

solubility coefficient, So at infinite dilution can be

calculated from the expression:

So ¼
22; 400 cm3ðSTPÞ=mol

RT
lim

xsolute!0
exp 2bmex

solute

� �
ð6Þ

In this work, calculations are reported in terms of So in

units of cm3(STP)/(cm3 pol atm) that are used widely in

membrane science and technology. STP corresponds to an

absolute pressure of 101.325 kPa and a temperature of

273.15 K. Molecular simulation results are reported in

tables 1–4.

4. Simplified PC-SAFT

The simplified PC-SAFT equation of state, developed by

von Solms et al. [20], is a simplified version of PC-SAFT

[5]. The two models are identical for pure compounds and

the only difference lies in the mixing rules. PC-SAFT is

expressed in terms of the reduced Helmholtz energy as:

~a ¼
A

kTN
¼ ~a id þ ~ahc þ ~adisp þ ~a assoc ð7Þ

where ~a id is the ideal gas contribution, ~ahc is the

contribution of the hard-sphere chain reference systems,

~adisp is the dispersion contribution arising from the square-

well attractive potential, and ~a assoc is the contribution due

to association (not used here, since all systems examined

are non-associating). The expressions for the contributions

from the ideal gas and dispersion are identical to those of

Gross and Sadowski [5], and the reader is referred to their

paper for more detail. The contribution to the hard-chain

Table 1. Simulation results for the infinite dilution solubility
coefficient, So, of solutes in PDMSM.

So (cm
3 (STP)/cm3 pol atm)

Solute 300 (K) 350 (K) 400 (K)

CH4 0.211 0.201 0.191

C2H6 1.218 0.834 0.581

C3H8 3.510 2.11 1.062

n-C4H10 187 4.83 2.073

n-C5H12 5636 94 3.93

n-C6H14 17197 2412 5.84

He 0.0321 0.0461 0.0611

Ne 0.0431 0.0561 0.0701

Ar 0.1479 0.1451 0.1461

Kr 0.4284 0.3787 0.3231

Xe 1.378 0.995 0.6901

N2 0.061 0.071 0.081

O2 0.101 0.111 0.111

Subscripts denote statistical uncertainty in the last significant figure as calculated in
simulation, for example, 0.211 corresponds to 0.21 ^ 0.01.

Table 2. Simulation results for the infinite dilution solubility
coefficient, So, of solutes in PDMSTM.

So (cm
3 (STP)/cm3 pol atm)

Solute 300 (K) 350 (K) 400 (K)

CH4 0.422 0.381 0.361

C2H6 2.332 1.51 1.051

C3H8 6.36 3.92 2.082

n-C4H10 234 9.43 4.065

n-C5H12 7911 184 7.72

n-C6H14 21935 3815 14.85

He 0.0601 0.0801 0.1101

Ne 0.0791 0.1021 0.1271

Ar 0.2741 0.2763 0.2731

Kr 0.8561 0.661 0.571

Xe 2.71 1.629 1.212

N2 0.121 0.132 0.151

O2 0.201 0.211 0.221

Table 3. Simulation results for the infinite dilution solubility
coefficient, So, of solutes in poly(DMSM–alt-DMSTM).

So (cm
3 (STP)/cm3 pol atm)

Solute 300 (K) 350 (K) 400 (K)

CH4 0.341 0.292 0.271

C2H6 2.1313 1.21 0.855

C3H8 5.44 2.94 1.62

n-C4H10 176 71 3.23

n-C5H12 4722 151 61

n-C6H14 16389 411 123

He 0.0501 0.0661 0.0851

Ne 0.0631 0.0801 0.0961

Ar 0.191 0.222 0.211

Kr 0.634 0.523 0.451

Xe 1.93 1.327 0.976

N2 0.0953 0.1024 0.1164

O2 0.162 0.161 0.161

Table 4. Simulation results for the infinite dilution solubility
coefficient, So, of solutes in PDMS.

So (cm
3 (STP)/cm3 pol atm)

Solute 300 (K) 375 (K) 450 (K)

CH4 0.471 0.361 0.331

C2H6 2.61 1.153 0.751

C3H8 7.14 2.363 1.221

n-C4H10 212 4.94 1.981

n-C5H12 6214 9.14 3.11

n-C6H14 19186 191 4.81

CF4 0.286 0.201 0.211

C2F6 0.351 0.241 0.211

C3F8 0.971 0.372 0.341

n-C4F10 2.64 0.91 0.582

He 0.0581 0.0911 0.1251

Ne 0.0781 0.1091 0.1391

Ar 0.312 0.271 0.261

Kr 0.764 0.582 0.472

Xe 2.82 1.41 0.91

N2 0.151 0.151 0.161

O2 0.221 0.211 0.191
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term is made up of two contributions: the hard-sphere term

and the chain term, so that:

~ahc ¼ ~m~ahs 2
X
i

xiðmi 2 1Þln ghs
ii dþii
� �

ð8Þ

where ~m is a mean segment length defined simply as

~m ¼
P
i

ximi and the hard-sphere term is given by:

~ahs ¼
4h2 3h2

ð1 2 hÞ2
ð9Þ

Here, xi is the mole fraction of component i. The radial

distribution function of the hard-sphere fluid at contact is:

ghsðdþÞ ¼
1 2 ðh=2Þ

ð1 2 hÞ3
ð10Þ

The volume fraction h ¼ pr ~md 3=6 is based on the

diameter of an equivalent one-component mixture:

d ¼

P
i

ximid
3
iP

i

ximi

0
@

1
A

1=3

ð11Þ

where the individual di are temperature-dependent

segment diameters:

di ¼ si 1 2 0:12 exp 23
1i

kT

� �h i
ð12Þ

Thus, it is assumed that all the segments in the mixture

have a mean diameter d, which gives a mixture volume

fraction identical to that of the actual mixture.

For non-associating small molecules and polymers, the

model has three characteristic parameters, that are the

segment number m (for polymers, a more convenient way

is to use m/MW), the temperature-independent segment

diameter s, and the segment interaction energy 1/k. For

small molecules, these parameters are usually fitted to

experimental vapor pressure and liquid density data over a

wide subcritical temperature range. In this work, model

parameters for non-polymers were either regressed here

and are shown in table 5, or taken from Ref. [15].

Polymers, however, have a non-measurable vapour

pressure and an alternative approach is needed. A large

number of approaches have been proposed so far for

SAFT-based models [5,6,16] that each seems to work well

for specific cases only. In this work, sPC-SAFT

calculations were performed for PDMSM and PDMS

mixtures only, since for the other polymers experimental

melt density data were very limited.

PDMSM is a non-polar elastomer whose chemical

structure resembles closely the structure of polyolefins.

Consequently, energetic interactions between PDMSM

segments are expected to be close to those between

polyolefin segments. For this reason, the 1/k value proposed

previously for polyethylene [16] was used also for

PDMSM. The other two parameters were fitted to the

relatively few melt density data available for over a narrow

temperature and pressure range and are shown in table 5

[11]. With these parameters, the percentage average

absolute deviation (% AAD) between experimental melt

density data or accurate simulation calculations [11] in the

temperature range 300–400 K and pressure up to 160 MPa,

that are considered within less than 0.2% from experiment,

and sPC-SAFT correlation is on the order of 1%.

PDMS is a widely studied polymer and so melt density

data are available over an extensive temperature and

pressure range [21]. In this case, all three sPC-SAFT were

fitted to PDMS melt density and the values are shown in

table 5. With this parameter set, the % AAD between

experimental data and model correlation is 0.1%.

Extension to mixtures requires combining rules for

segment energy and diameter. The Lorentz–Berthhelot

rule shown in equation (2) is employed for the

macroscopic calculations too. For mixtures where

experimental data are available, an energy interaction

parameter, kij, is often used as a correction to the

geometric mean rule.

5. Results and discussion

5.1 Molecular simulation results for infinite dilution
solubility coefficients

For PDMSM, PDMSTM and their copolymer, simulation

results for So at 300, 350 and 400 K are reported in tables

1 – 3, while for PDMS calculations over a wider

temperature range up to 450 K are provided in table 4.

Table 5. sPC-SAFT parameters for various compounds examined here. The temperature range of experimental data and the percentage AAD for
saturated liquid density and vapour pressure are shown.

Compound MW (g/mol) m (–) s (Å) 1/k (K) T (K) AAD (rl/P
sat) (%)

Ne 20.2 1.000 2.7874 33.94 22–40 2.27/5.22
Kr 83.8 0.9610 3.6634 167.26 110–185 0.52/0.40
Xe 131.3 0.9025 4.0892 239.69 148–260 0.97/0.56
O2 32.0 1.1217 3.2098 114.96 55–154 0.32/0.18
CF4 88.0 2.1779 3.1383 122.65 115–205 0.16/0.18
C2F6 138.0 2.7543 3.3459 141.69 160–260 0.54/1.23
C3F8 188.0 3.4547 3.3031 154.20 180–305 0.20/1.48
C4F10 238.0 3.8326 3.5361 162.28 195–340 0.70/0.38
PDMSM 10000 563.00 3.8054 272.40 – –
PDMS 1540 49.9730 3.5310 204.95 298–343 –

Parameters for additional compounds can be found in Ref. [15].
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Selected results are discussed here in detail, mainly for

systems where experimental data are available. Calcu-

lations and limited experimental data for So of n-alkanes in

PDMSM, PDMSTM, copolymer and PDMS at 300 K and

0.1 MPa are shown in figure 3. In all cases, solubility

increases with n-alkane carbon number. Simulation results

are in very good agreement with experiment, when

available. Furthermore for a given n-alkane, So values are

very similar for the various polymers. In other words, the

chemical structure of these polymers has very little effect

on the solubility of the solutes.

So of various solutes in a polymer correlate very nicely

with the solute experimental critical temperature [22]. In

figure 4, experimental data [22], molecular simulation

calculations and simplified PC-SAFT predictions are

shown for eight different gases in PDMS. Predictions from

both models are in very good agreement with the

experimental data in all cases. For the case of He, where

the deviation between experiment and simulation assumes

the highest value, additional experimental data exist in the

literature that are closer to the simulation value [13].

In figure 5, simulation results for So of some of the

relatively lighter solutes examined here (from lower to

higher Tc, results are shown for He, Ne, N2, O2 and Kr) in

various polymers are shown at 300 K. For He and Ne, So

values for each one of them are very similar for the various

polymers. However, for the heavier of the components

shown, significant differences are progressively observed

for So in the various polymers for a given solute.

An interesting temperature dependence on So is

observed for different solutes. For the lighter gases that

include He and Ne, solubility increases with temperature.

For the intermediate gases including Ar, N2 and O2,

solubility is relatively independent of temperature, while

for the heavier ones such as CH4, Kr, Xe, CF4 and beyond

Figure 3. Experimental data (open points), molecular simulation predictions (diamonds) and sPC-SAFT predictions (triangles) for the infinite dilution
solubility coefficient of n-alkanes in PDMSM, PDMSTM, copolymer and PDMS at 300 K and 0.1 MPa. For PDMS, an experimental point at 423 K and
simulation (black squares) and sPC-SAFT (grey squares; red in online version) predictions at 450 K are shown also.

Figure 4. Experimental data (circles) [22], molecular simulation
(diamonds) and simplified PC-SAFT (squares) predictions for So of
gases in PDMS at 300 K. The solid line is a fit to experimental data.
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solubility decreases as temperature increases. In figure 6,

So values for the various gases in PDMS as a function of

temperature are shown verifying this argument. An

alternative way to present these data is shown in figure 7

where So at different temperatures is shown as a function

of solute critical temperature for PDMSM and PDMS.

The plots for PDMSTM and the copolymer are very

similar to PDMSM and are not shown. A systematic

crossover is observed in all cases. For PDMSM,

PDMSTM and the copolymer the crossover temperature

is estimated from a least square fit to the data and is around

150–160 K while for PDMS it is a little lower, at around

125–135 K.

This behaviour has been observed experimentally by

van Amerongen [23] for various gases in natural rubber

where the crossover was estimated to occur between N2

and O2, in the critical temperature range of Tc ¼ 126–

154 K. Furthermore, the same phenomenon was predicted

by Curro et al. [24] for noble gases in polyethylene using

an accurate integral equation theory known as polymer

reference interaction site model (PRISM). PRISM

predicted a crossover value of Tc ¼ 65 K which is in

reasonable agreement with experiments and predictions

shown here considering the approximations assumed

in PRISM theory. With the exception of prediction from

PRISM, all other sets of data/calculations agree in

the temperature range of crossover. In other words, the

crossover temperature seems to be independent on the

nature of the polymer (at least for the polymers examined)

and depends only on the solute.

A phenomenological explanation for this behaviour

can be based on combined energetic and entropic effects.

A temperature increase results in a decrease of the

polymer density or increase of the free volume accessible

to small molecules and so light gases become more

soluble. On the other hand, the temperature increase

makes heavier solute molecules behave more like gas

molecules with a significant decrease in their density and

substantial decrease in their solubility in polymer.

5.2 Macroscopic modelling of infinite dilution and finite
solute concentration properties

sPC-SAFT was used to calculate the infinite dilution

solubility coefficient and the entire isotherm of various

PDMSM–solvent and PDMS–solvent mixtures. A small

temperature independent interaction parameter, kij, was

used for some mixtures and was regressed from

experimental isotherm data. The only exception was the

polymer–methane mixture, where a temperature-depen-

dent kij was needed for accurate correlation of the data.

In figure 8, experimental data and sPC-SAFT correlations

are shown for PDMSM–methane (kij ¼ 20.19 at 283 K,

20.18 at 303 K and 20.15 at 323 K) and PDMSM–

propane (kij ¼ 20.085). Additional calculations were

performed for PDMSM –n-butane at 295.15 K

(kij ¼ 20.014) and PDMSM–n-hexane at 298.15 K

(kij ¼ 20.07). In all cases, sPC-SAFT provides accurate

correlation of the data. The kij values fitted to these phase

equilibrium data were used subsequently to predict the So

values for the various mixtures, as shown in figure 3 (top

left). Macroscopic model predictions agree very well with

experimental data and molecular simulation predictions

discussed above.

Figure 5. Molecular simulation predictions for So of light components
in various polymers at 300 K as a function of light component
experimental critical temperature.

Figure 6. Molecular simulation predictions (top) and sPC-SAFT
predictions (bottom) for So of He, Ne, Ar, Kr, Xe, O2, N2 and CH4 in
PDMS at 300, 375 and 450 K.
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For the case of PDMS mixtures, sPC-SAFT predicts

accurately So of n-alkanes at 300 K and of n-pentane at

363 and 423 K without any binary parameter adjustment.

Calculations are shown in figure 3 (bottom right).

Furthermore, in figure 9 sPC-SAFT predictions are

shown for three PDMS–n-pentane isotherms over a

wide composition range. These results manifest that

properly selected pure polymer parameter values can

result in accurate prediction of mixture phase equilibria.

For the case of polar hydrocarbon solvents, a small kij
value is needed so that the model correlates experimental

data accurately. In figure 10, PDMS–toluene experimental

data [1] and sPC-SAFT calculations with kij ¼ 0.015 are

shown at two different temperatures. Agreement is very

good again. Calculations with kij ¼ 0.0 are shown also for

comparison.

sPC-SAFT provides also accurate prediction of the

solubility of gases in PDMS. Calculations are shown in

figure 4 and agree very well with the experimental data

and molecular simulation results. He-containing mixtures

were not modeled with sPC-SAFT since the model does

not account for the quantum effects that are important for

He, even at high temperatures. So for all gases examined

with sPC-SAFT with the exception of Ne exhibit negative

temperature dependence, as shown in figure 6 (bottom).

These results indicate that sPC-SAFT predictions are in

closer agreement with PRISM theory that predicts a

critical temperature crossover for the solubility at 65 K,

Figure 7. Molecular simulation predictions for So of He, Ne, Ar, Kr, Xe, O2, N2 and CH4 in (left) PDMSM at 300, 350 and 400 K, and (right) PDMS at
300, 375 and 450 K, as a function of solute critical temperature.

Figure 8. Experimental data (points) [25] and sPC-SAFT correlation of
(top) methane solubility in PDMSM and (bottom) propane solubility in
PDMSM.

Figure 9. PDMS–n-pentane phase equilibria at 308.15, 363.15 and
423.15 K. Experimental data (points) [26], and sPC-SAFT prediction
(solid curves; kij ¼ 0.0).
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as explained above, and not with molecular simulation or

experimental data for natural rubber. Such behaviour

requires further investigation.

6. Conclusions

Molecular simulation using realistic molecular models

and macroscopic models with strong statistical mechanics

basis are reliable tools for the accurate calculation of

solute solubility in polymers over a wide temperature and

composition range. In this work, molecular simulation was

shown to predict accurately the solubility of various

organic components and gases in four silicon-containing

polymers while sPC-SAFT provided accurate prediction

of PDMS-solute mixture infinite dilution properties and

phase equilibria over a wide composition range. For the

case of PDMSM—n-alkane mixtures, a small tempera-

ture-independent (with the exception of methane) and

composition-independent binary interaction parameter

was needed. For a given solute and temperature, the

solubility in the four polymers examined was similar, as

predicted by molecular simulation. Finally, the tempera-

ture dependence of the solubility is a strong function of the

solute as predicted by molecular simulation, going from

positive for light gases to negative for heavier com-

ponents, and rather independent of the polymer nature.

sPC-SAFT predicts a systematic decrease of the solubility

with temperature for all gases but Ne (calculations for He

were not performed) in agreement with polymer integral

equation theory predictions.
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