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ABSTRACT: Poly(dimethylsiloxane) (PDMS) is a widely used polymer for a number of industrial applications.

In order that PDMS is selected for a specific application, accurate knowledge of its physical properties is necessary.
Physical properties can be either measured or calculated based on reliable suitable methods. Molecular simulation
using realistic models is a powerful tool for the elucidation of microscopic structure of polymers and the subsequent
estimation of macroscopic physical properties. In this work, a force field is developed for the prediction of
thermodynamic and structure properties of PDMS melts. Force field development was based on existing force
fields for PDMS together with fitting to experimental thermodynamic data at ambient pressure. ExtéR3ive
molecular dynamics (MD) simulations were performed at different temperature and pressure values. In all cases,
good agreement was obtained between literature experimental data and model predictions for the melt density.
Calculations are reported also for the solubility parameter of the polymer melt at different temperatures.
Furthermore, radial distribution functions for the intra- and intermolecular interactions are presented and shown
to be in good agreement with previous literature work. The new force field is used subsequently for the calculation
of solubility of 17 different compounds in PDMS using the Widom test particle insertion method. The solubility

of n-alkanes from methane to-hexane at 300 and 450 K and different pressures was calculated. In addition,
solubility calculations fon-perfluoroalkanes at 300 and 450 K and for noble and light gases at 300, 375, and 450

K and ambient pressure were performed. Model predictions are in very good agreement with experimental data,
in all cases. The infinite dilution solubility coefficient is shown to increase with temperature for very light gases
and decrease for the heavier ones.

1. Introduction like catalyst, monomer, oligomer and solvent molecules as well

Silicon polymers, such as poly(dimethylsiloxane) (PDMS), as (mostly) white color, homogeneity, and constant quality.

are used extensively in many industrial applications including The ability to predlpt the properties qf_polymenc matengls
adhesives, coatings and elastomeric seals, due to their uniqué’ased on their chemlgal structure is critical fqr the gelecnqn,
physical properties. PDMS has one of the lowest glass transition!MProvement and design of polymer products in an industrial
temperatures among known polymers and is stable at relatively@PPlication. Considerable work has been performed on the
high temperatures. These properties make it an interestingcorrelation of PDMSPVT properties using equation-of-state
polymer both scientifically and commercially. For example, theories™ Moreover, a wealth of experimental data have been
PDMS is the most commonly used membrane material for fePorted on the solubility and diffusivity of light gases,
separation of organic vapors and gaSBEIMS is biocompatible njalkanes, perfluoroalkanes and other compounds in PDMS at
and used for different medical purposes, e.g., for implants. In different temperatures and presstfres.
industrial polymer process design, PDMS is often used as a Accurate computational methods are an appealing alternative
model substance, since it shows very similar relevant propertiesto experiments since they are less costly and time-consuming
at ambient conditions as the industrial polymers at processand provide greater flexibility in terms of conditions and/or
conditions (up to 700 K). An improved understanding of components explored. The tremendous increase of computing
mixtures of PDMS and volatile components, especially phase power at relatively low price and advances in applied statistical
equilibria and diffusion coefficients, is important for the mechanics in recent years have made molecular simulation a
development of new techniques for polymer finish processing. powerful tool for the elucidation of microscopic phenomena that
These developments are triggered by permanently increasingcontrol macroscopic properties for a wide range of complex
demands for higher polymer quality, e.g., optical grade quality materials, including fluid mixtures, polymers, solids, &t€!
polycarbonate for high-density optical storage systems. SomeThis has made possible the estimation of the thermodynamic
major goals of polymer finish processing are the efficient properties of pure polymer melts as well as the calculation of
removal of undesired impurities from the polymerization process solubility and diffusion coefficients of penetrants in polymers
via molecular dynamic (MD) simulation techniques. Finally,
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One of the first attempts to simulate PDMS at a molecular
level was the work of Sok et &.who developed a force field @ @ @ @
for the polymer and used it subsequently for the calculation of \ W\
solubility and diffusion coefficient of helium and of methane N\ "
in it at ambient conditions. Simulation results for the solubility
coefficient deviated significantly from experimental data while
good agreement was obtained for the case of diffusion coef-
ficient. Subsequent MD simulations for other gases dissolved
in PDMS verified the poor agreement between experiment and
simulation for the case of solubility coefficieftwhile simula-
tions with a different force field verified the good agreement
for the case of diffusion coefficient of gases in PDK{SThe
permeation of polar mixtures in PDMS has been also investi-
gated with MD?2526

A refined force field for PDMS was developed by Curro and
co-workerd”28 and used for the calculation of microscopic
structure of the polymer melt, again at ambient conditions. Good
agreement between experiment and simulation was reported.
Sur?® developed an explicit atom force field (referred to as CFF)
for PDMS based on quantum chemistry calculations on corre-
sponding oligomers and used it for the prediction of thermo-
dynamic, structural and vibrational properties of PDMS. Good
agreement with experiment was observed in all cases. Recently,
a slightly modified CFF force field was developed by Smith et
al3%based on more complex oligomers of PDMS and at higher
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level of quantum chemistry calculations. Until now, however, B
no molecular simulations have been reported for the solubility
and diffusion coefficient of largen-alkanes in PDMS. Figure 1. Schematic representation of PDMS examined in this work

In this work, a united atom (UA) force-field is developed (top) and a representative configuration obtained from atomistic MD
for the calculation of microscopic structure, thermodynamic and gﬁgtt)oor};)r'nl?e green molecules anebutane molecules dissolved in
conformational properties of pure PDMS melts over a wide
temperature and pressure range. The bonded, electrostatic anedihedral angle torsion and nonbonded interactions between UAs
Lennard-Jones (LJ) parameters for Si and O proposed by Sokin the same or different chains. In PDMS, nonbonded inter-
et al?2 for PDMS are adopted, while GHparameters are  actions consist of short range van der Waals repulsive and
adjusted to match the experimental density of PDMS at ambient dispersive interactions and long range electrostatic (Coulombic)
conditions. This force field is used subsequently to study PDMS interactions. The functional form of the force field in terms of
melt properties at higher temperatures and pressures. Furtherthe potential energy is
more, the solubility coefficients ai-alkanes from methane to
n-hexane, ofn-perfuoroalkanes from perfluoromethanerto Vigtall 15---7 ) =
perfluorobutane, of five noble gases (He, Ne, Ar, Kr and Xe) V. 4+ 4+V. 4V =
and of two light gases (Nand Q) in PDMS are calculated. swetching = Thending - “torsion = Tron-bonded

Appropriate atomistic force fields from the literature are used. | dv(li) + b | V(o) + | Z| IV(¢i) +
Simulations are performed at 300 and 450 K and ambient "% albondangies alltorsiona i”g s
pressure. For the case pfalkanes, higher pressures are also i 0;

: ; i ; v(r;) = —(l, = 1, )+ —(0, — 6, )* +
examined, while for the gases solubility calculations are also ! i 2 io 2 io
performed at 375 K. In all cases where experimental data are!P3rs allbond 1 all bond angle
_availab_le, good agreement between simulation and experiment k(1 — cos®) +
is obtained.

all torsional angl

2
2. Force Field Development Z a (ﬁ)lZ ) (ﬁ)tS .\ aq; (E . (es = D)ry "
alf pairs| 4ﬂ80\rij (28S + 1)TC3

Poly(dimethylsiloxane) is a flexible polymer whose molecular r r

architecture consists of an alternating siliemxygen backbone,

with two methyl groups attached to every silicon atom, as shown wherel;, 6;, andg; denote bond length, bond angle, and torsional
schematically in Figure 1. Realistic atomistic force fields for angle respectively;; is the distance between interaction sites
macromolecules account explicitly for the molecular geometric andj, andg; is the partial charge on site Subscript o denotes
characteristics as well as for the nonbonded intra- and inter- parameter value at equilibrium. Flexible bonds are used and
molecular interaction&! In this work, a force field is developed  the potential energy of each bond is evaluated by using a simple
for PDMS based on the united atom (UA) representation. In harmonic potential (first term on the rhs of eq 1). Similarly,
the UA representation, hydrogen atoms in the methyl groups bond-angle fluctuations around the equilibrium angle are subject
are not accounted explicitly, thus reducing the number of to harmonic fluctuations (second term on the rhs of eq 1). For
“atoms” significantly. For PDMS, this approach reduces the all dihedral angles, a 3-fold symmetric torsional potential is used
number of “atoms” per monomer from ten to four. In the force with ¢ = 0° denoting arans state (third term on the rhs of eq
field developed, the potential energy function is written as the 1). Finally, nonbonded interactions are described by a LJ
sum of contributions due to bond stretching, bond angle bending, potential for van der Waals interactions while the reaction field

ij ij
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Table 1. Atomistic UA Force Field for PDMS

Type of interaction Potential function and parameters

Bond stretching

1 2
Vslrc!chmg (1) = Ekl (1 _lo )
Bond ki (kcal/mol/A%) 1, (A)
Si-0 700.2 1.64
Si-CHj 379.3 1.90
O-CHj (terminal) ~ 700.2 1.64

Bond bending

2

1
Vbending(e)=5k9(g_eo)

Bond angle k, (kcal/mol deg?) 6,(%)
0-Si-0 0.0575 109.5
0O-Si-CH; 0.0304 109.5
CH;-Si-CH; 0.0304 109.5
Si-O-Si 0.0153 144.0
Si-O-CHj (terminal) 0.0153 144.0

Dihedral angles 1
¢ lehcdml :51% (1_COS3¢)

Dihedral angle k, (kcal/mol)

Si-O 1.8

Non bonded

ANCA
Lennard-Jones v 1,/(’1/)=45u P
i i
a(A) & (kcal/mol)
Si 3.385 0.585
(6] 2.955 0.203
CH; 4.170 0.160
Non bonded electrostatic —1)2
v (n)=[ 29 ) Ly (& )r,,x
ay dre, )\ 1, (2e,+1)r;
Si CH;
q (e 0.3 -0.3 0.0

modef is used for the electrostatic interactions (last term on
rhs of eq 1). Electrostatic are long range interactions that require
special treatment in molecular simulation where the system
examined is in the order of several hundred or, at the most, a
few thousand interaction sites. The Ewald summation method
and the reaction field model are the most widely used methods
to account efficiently for electrostatic interacticiisn this work,
the latter method was preferred because of its computational
efficiency compared to the former. In eq ¢,andg; are the
partial charges of interaction sitésand |, &5 is the dielectric
constant of solvent; is the dielectric permittivity of vacuum
(equal to 8.85419« 10712 C?2 Jt m™1), andr, is the cutoff
distance for the electrostatic interactions. LJ and electrostatic
interactions are calculated for all UAs on different chains and
between UAs on the same chain that are four or more bonds
apart.

Standard LorentzBerthelot combining rules are used to
describe nonbonded LJ interactions between sites of different

type:

gi T 0

and o, = 5

& i

= V&g 2

The starting point for the development of the new force-field
for PDMS was the model proposed by Sok et?aMD
simulations at 300 K and 0.1 MPa resulted in a density value
that was on the order of 10% higher than the experimental value.

ij

Macromolecules, Vol. 40, No. 5, 2007

Consequently, the LJ parameters for the;CH were modified

so that accurate density predictions are obtained from 300 up
to 450 K and 0.1 MPa. This new parameter set was further used
for MD simulations at higher pressures.

In terms of the bonded parameters of the model, it should be
mentioned that, because the bond bending condigrfor angle
Si—O—Si is relatively small (0.0087 kcal/mol d&gand the
equilibrium bond angle is relatively large (134he probability
that the bond angle goes over 28@nnot be neglected at high
temperaturé® Since the derivative of the potential functions
with respect to the atom positions is not continuoug at18C,
an energy jump occurs when the bond angle goes across 180
To prohibit this jump, we increased the value of this constant
by a factor of 2. This modification does not affect the
thermodynamic and transport property values calculated through
molecular simulation. To summarize, the parameters for the
force field proposed for PDMS are listed in Table 1.

3. Simulation Details

All MD simulations were performed at the isobaric
isothermal KPT) ensemble using the Noaed Klein method?-34
In this case, the Lagrangian assumes the form

m Q YT,
= Izzszrf — Vi T Es2 — gksTIns+ 5WL4 L*—

p. L3

ext

®3)

whereg = 3nNgy, + 1 is the number of degrees of freedom of
the systemn is the number of atoms of each chalhy, is the
number of chaind, is the box edge lengtls,is the “bath” degree
of freedom used to control the temperatwéand Q are the
inertia parameters associated withand s, respectively, and
Pextis the externally set pressure. A fifth order Gear predietor
corrector schentis used to integrate the equations of motion
in Cartesian coordinates. The values of the paramé&teasid
Q are the same with those of previous work on poly-
(dimethylsilamethylene¥®-37

All of the PDMS systems examined consisted of three chains
of 80 monomer units. Thus, the molecular weight of the
simulated polymer was equal to 5950. The end groups of the
chains are methyl groups, so that the total charge of each chain
is equal to zero. The initial configurations were obtained using
the Cerius software package of Accelrys Inc. Polymer chains
were built in an amorphous cell using periodic boundary
conditions. These initial configurations were subjected to
molecular mechanic®.Energy minimization took place in two
stages. First, the steepest descent method was used with
maximum number of iterations equal to 100 followed by the
conjugate gradient method with maximum number of iterations
up to 10 000. MD simulations were performed with an integra-
tion 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. The major criteria used to ensure
equilibration are related to conformational characteristics of the
chains (i.e., smooth dihedral angle distribution) and to stability
of running averages for the total energy and its constituents and
the density of the system. 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 configu-
rations were recorded at equal time intervals and they were used
for the calculation of the thermodynamic and of the structural
properties of polymer melt. Furthermore, they were used for
the evaluation of the chemical potential ofalkanes,n-
perfluoroalkanes, and noble and light gases in PDMS. Periodic
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Table 2. Atomistic UA Force Field for n-Alkanes and n-Perfluoroalkanes

Type of interaction Potential function and parameters

n-Alkanes*

Bond bending k,= 0.038 kcal/mol deg’

v,

bending

1 2
0)==k,(6-6
(0)=3%(0-6) 0,=114°

5 ‘ a/kg=355.03K

V iiredrar = Z a; [1 + (_ 1)1+1 cos(i ¢)] ox/kp=-68.19 K
=1

OL3/kB= 791.32K

Dihedral angles

Lennard - Jones Oen, =373 A g4, =148K

12 6
v (r):4g % | %
w\% iy Oen, =375 A £, =98K

Oon, =395 A £, =46K

n-Perfluoroalkanes**

Bond bending 1 s k,= 0.038 kcal/mol deg”
(0)=1k(0-0,)

I/bending

6,=114.6°

Dihedral angles . a/kg=5954K, asky=-7875.3K
Vanedvar = Z(;“f cos ¢ aiks=-282.7K, asks=-14168K
ayks=13552K, asky=9213.7K
a3/k3= 6800 K, 0[7/kg= 4123.7K
Lennard - Jones 2 s O, = 4.66 A £, = 134K
- ol %
Vu(r) =42 [?J ‘(?] Oc,= 460 A £ =60K
Ocr, = 460A &5 =30K
boundary conditions were applied to the simulation box. A Table 3. Force Field Parameters for Noble and Light Gases
Verlet neighbor list® and a truncated LJ and electrostatic gas o) ¢ (kcal/mol) A)
potential were used to speed up calculations of interactions e 557 0.020
between molecules. In this work, the LJ potential tail beyond Ne2 276 0.067
= 1.45% was substituted by a fifth order polynomial, whose Ara 3.41 0.236
value beyondr = 2.33s is equal to zero. For electrostatic Kra 3.59 0.344
interactions, the cutoff distance, was equal to 13.5 A, a value e 2 9448 109
which is smaller than half the box edge length. The dielectric ozc,d 3.00 0.089 121

constant of solvengs, was equal to infinity, assuming conduct-

ing boundary conditions. The instantaneous pressure of thef
- . - . rom ref 50.

systemPj,; was calculated during the simulation according to . . . .,

the molecular virial expression proposed by Theodorou & al. IS the intramolecular energy of the “ghost” molecule. The latter

The “tail” contributions to the internal energy and to the pressure 1S calculated independently in a single chain simulatiéns
were taken into accouft. the instantaneous volume of the system and the brackets denote

The chemical potential was calculated using the Widom's ensemble averaging over all cc_)rjfigurations and spatial averaging
test particle insertion methdd According to Widom’s method, ~ ©ver all “ghost” molecule positions.
one inserts a “ghost” molecule at a random position into the [N the present work, Widom's method was used for the
simulated system and calculates its interaction energy with the c@lculation ofuex of n-alkanes (Chj to n-CeHa), n-perfluoro-
other molecules. This interaction energy is directly related to alkanes (Ckto n-C4Fy), noble gases (He, Ne, Ar, Kr, Xe) and
the excess chemical potentiafX of the “ghost” molecule. In light gases (i, O2) In PDMS. n-alkanes were modeled using
the NPT ensembley®* is calculated by the expressidn the TraPPE force field, a very accurate UA model developed

by Siepmann and co-workéeor linear and branched hydro-

aTaken from ref 470 Taken from ref 48¢ Taken from ref 499 Taken

- —lln 1 Vexpf intra _ carbons, alcohols, and many other organic compounds. In the
Hex=H M B | WVilpr ghost TraPPE model, bond lengths are kept constant and equal to 1.54
ter 1 tra A. In Figure 1, a typical equilibrated configuration of the
BVghosd Wvidomter| T B“"@Xp(—ﬁ ghosd llieal gas (4) polymer matrix withn-butane molecules inserted is shown.
) ) In the case oh-perfluoroalkanes, GFand CFk; groups were
wheref8 = 1/KT, \/'(;}ﬁi’st is the intermolecular energy ahlg}f[)ast treated as UA with effective LJ well depth and size parameters.
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Figure 2. Melt density of PDMS at (a) 0.1, (b) 10, and (c) 40 MPa at

different temperatures: Experimental data (open squares from ref 6;

thick line, from ref 3; thin line from ref 4) and MD simulations (solid
squares).

gtot(r)

Radial distance (A)
Figure 3. Total pair distribution function at 300 K and 0.1 MPa
for PDMS. Experimental data (point8) and MD simulations
(line).

The T-model proposed by Cui et &loptimized for vapor
liquid equilibrium calculations of pure perfluoroalkanes and
applied*to high-pressure vapetiquid equilibrium calculations

of perfluoroalkanes with carbon dioxide was adopted. In this
work, the Ck LJ energy parameter was set equal to 60 K so
that a good prediction of the infinite dilution solubility coef-
ficient of GFg in PDMS at 300 K was obtained, and used
subsequently for all perfluoroalkanes. According to this model,
the C-C bond lengths are fixed at 1.54 A, corresponding to
the experimental bond length for the crystalline polytetrafluo-
roethylené®® For the spherical CfLJ parameters proposed by
Reid et al*® determined from viscosity data were adopted. In
Table 2, the force-field parameters forakanes andn-
perfluoroalkanes used in this work are reported.

0.04 — 0.04 T
“H;-CH F -
003 £ CH;-CH; 003 £ Si-CH;
¥ 002+ Soo2t
0.01 ¢ 0.01 +
o+ o+ e
0 0 5 10
Radial distance (A) Radial distance (A)
0.04 0.04 ¢
0.03 £ Si-Si 0.03 £ O-CHs
S o002+t 5 002
0.01 £ 0.01
of /:\A_"M 0L N .
5 10 0 5 10
Radial distance (A) Radial distance (A)
0.04 — 0.04
0.03 £ 0-0 0.03 £ Si-0
:;; 0.02 -- s 0.02 --
0.01 ¢ —j\/“. 0.01 £
0 fF——utl P ofdl /. sl a—
0 5 10 0 5 10

Radial distance (A) Radial distance (A)

Figure 4. Intramolecular pair density function at 300 K and 0.1 MPa
for PDMS obtained from MD simulation.

length. For nitrogen, the potential model proposed by Cheung
et al*® obtained by fitting liquid experimental thermodynamic
data at various temperatures and pressures was adopted. Finally
for oxygen, equilibrium bond length valdgand LJ parameters
proposed by Huber et &.and Powles et aP? respectively,
were used. Overall, the force field parameters for noble and
light gases are reported in Table 3.

From the excess chemical potential, one may calculate the
Henry’s law constant of the solute in polymer, according to the
expression

; Ppol
Hsolute-'polz lim (ﬂ eXp@ﬂgglut ) (5)

olute—0

where ppo is the density of the polymer. Alternatively, the
solubility coefficient,S at infinite dilution can be calculated
from the expression:

22400 cM(STP)/mol .
5 = 220 PETEIN fiy  op(— uid (6)

olute—0

In this work, calculations are reported in termsSin units of
cm3(STP)/(cnd 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.

4. Results and Discussion

A. Thermodynamic Properties. Initially, the new force field
is tested for the prediction of PDMS melt density at various
temperatures and pressures. MD simulations were performed
at 300, 375, and 450 K and for each temperature at 0.1, 10,
and 40 MPa. Experimental data from different sources are
reported in the literaturé*® Data from refs 3 and 4 cover an
extended temperature and pressure range. In all cases, a

All of the noble gases were treated as spherical molecules systematic difference in the density on the order of-@%%

and the force field parameters proposed by Hirschfelder®t al.

is observed between the two sources. The deviation increases

based on second virial coefficient data were used. Nitrogen andat higher pressures. In Figure 2, experimental and simulated
oxygen were modeled as diatomic molecules with constant bondmelt density of PDMS is shown as a function of temperature
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Figure 5. Intermolecular pair distribution function at 300 K and 0.1
MPa for PDMS for like (top) and unlike (bottom) pairs obtained from
MD using the new model (solid lines). Open circles are calculations
using the hybrid/UA model of Frischknecht and Cdfrand dotted
lines are calculations from Frischknecht and Ctfrising the UA/CI
model of Sok et a#?
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Figure 6. Distribution of S-0O—Si—O dihedral angle as a function
of temperature from MD simulation.
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Figure 7. Percentage of successful insertions as a function of penetrant
size at 300 K. The curve is an exponential fit to the simulation data.

Table 4. Percentage of Successful Insertions of Solutes in PDMS at
300 and 450 K, and 0.1 MPa

gas 300K 450K gas 300K 450K gas 300K 450K

CHa 4.5 104 Ckg 0.6 39 He 184 26.5
CoHe 2.4 75 GFe 0.4 27 Ne 152 233
CsHg 1.2 51 GFs 0.2 16 Ar 75 139
n-CsHio 0.6 3.9 nC4Fp 0.08 1.2 Kr 54 118
n-CsHiz 0.3 3.1 Xe 3.4 7.4
n-CeHis 0.2 2.4 N 6.0 129
(073 8.2 155

and pressure. MD predictions are in excellent agreement with ion used here, an atom is equivalent to united atom) in the
either of the experimental data sets at 0.1 MPa while some same chain with the reference atom or in different chains. In

deviations are observed at higher pressures.
An additional thermodynamic property examined is the
solubility parameter of the polymer melt calculated from the

following expression:
[E,
o= \C/O i @)

the first case, we refer to intramolecular pair density function,
w(r), while in the second case we refer to intermolecular pair
distribution functiong(r). In Figure 3, the total pair distribution
function, gi(r), at 300 K and 0.1 MPa is presented. Experi-
mental X-ray scattering data from Sides et%hre shown for
comparison. Good agreement between experiment and simula-
tion is observed, both in terms of peak position as well as peak
intensity. A small difference on the peak position by about 0.2

Econ is the cohesive energy of the system and is estimated asA is observed for the third peak.

the difference between the intramolecular energy of all “parent”

The intramolecular pair density function and the intermo-

chains and the total potential energy of the simulation box, by lecular distribution function can be calculated for individual pairs

taking potential “tail” contributions into accoufitThe solubility
parameterg, from MD at 300 K and 0.1 MPa is equal to 6.63
+ 0.01 (cal/crm)¥2 while the experimental valG&is equal to
7.3 (cal/cnd)Y2. Obviously, the new force field is not able to
predicto of PDMS very accurately.

B. Structural Properties. Fluid structure at the microscopic
level is typically characterized by the radial distribution function
g(r), which is the probability of finding an atom at distance
from the reference atom with reference to the bulk of the fluid.
In other words: g(r) = p(r)/po Wherep(r) is the local density
and p, is the bulk density.

For the case of polymers, the total radial distribution function

of UAs. For PDMS, no experimental data were found in the
literature for comparison. Instead, comparisons are made with
previous molecular simulation work by other researchers.

In Figures 4 and 5w(r) and g(r) are shown for all the
individual pairs of the same (SiSi, O—0, and CH—CHj3) or
different (S0, Si—=CHs, and O-CHs) types of UAs. Thew(r)
and g(r) functions presented here agree well with previous
molecular simulations studies of S8kand Frischknecht and
Curro?” respectively, concerning the individual peak positions
and intensities. It should be pointed out that the differences in
absolute values ofi(r) between this work and the work of S8k
should be attributed to different normalization of the raw data

Owt(r) is a sum of contributions due to atoms (in the representa- used in each case. For tigér) distribution (Figure 5), small
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Table 5. Experimental Data and Molecular Simulation Results at 300 and 450 K and 0.1 MPa for the Infinite Dilution Solubility CoefficientsS,
(cm3 (STP)/cn pol atm) of n-Alkanes in PDMS

n-alkanes
CH4 CzHe C3Hs n- C4H10 n-Csle n-C6H14
MD Simulation
300 K 0.47+0.01 2.6+ 0.1 7.1+ 04 21+ 2 62+ 14 191+ 86
450 K 0.33+0.01 0.75+0.01 1.22+0.01 1.98+ 0.01 3.1+ 0.1 4.8+0.1
Experiment

283 K’ 0.61 13.51
295 K8 0.6 3.2 7.7 14
298 K® 0.525 3.01
298 K10 0.436 2.34 7.52 21.9 64.4
300 Kt 0.56
301 K15 0.38
303 K16 63.5
303 K12 21.4 62.2
308 K13 0.42 2.2 5.0
308 K* 0.45 6.45
308 K14 0.43
423 K8 3.4

differences in relative intensities of peaks are due to different In Table 4, the rate of successful insertions for different
LJ parameters used in each case. Furthermore, Frischknecht etolutes at 300 and 450 K is shown. As expected, for small or
al?”used a LJ 9-6 potential instead of the 26 potential used light solute molecules the rate of successful insertions is higher
here. Frischknecht et &l.also proposed an explicit-atom force than for the large or heavy solute moleculeferfluoroalkane
field for PDMS that was in good agreement with these other successful insertions are lower than those of their hydrocarbon
force fields concerning thg(r) calculations. analogs, consistent with the larger size of the fluorocarbons. In
A standard approach to characterize the conformation of addition, at 450 K the successful insertion rate is higher, mainly
flexible macromolecules is based on the backbone dihedral angledue to lower polymer density and thus to higher free volume.
distribution31-54Simulation results for the SiO—Si—O dihedral The increase is more pronounced for the heavier solutes. More
angle distribution of PDMS are shown in Figure 6. The specifically, for the smaller alkanes (methanentbutane) and
distribution shows a clear preference for the trans state®jat 0 for the noble and light gases an increase by a factor& &
with local maxima in gauchie(at 120) and gauche (at —12C°) observed, while for the larger alkanesdentane and-hexane)
conformations, very similar to polyethylefAs the temper- the rate of successful insertions is an order of magnitude higher.
ature increases, peak heights decrease and the distributiorin the case oi-perfluoroalkanes, the ratio of the successful
broadens which is a typical behavior for all chain fluids. insertions at the two temperatures is even higher (about 7 times
Calculations presented here agree very well with MD calcula- for perfluoromethane to perfluoropropane and more than an
tions for a dimethylsiloxane oligomer composed of eight order of magnitude fon-perfluorobutane). In Figure 7, the
monomer units reported by Bahar etal. percentage of successful insertions as a function of penetrant
C. Solubility in PDMS. PDMS melt configurations generated size is shown for monatomic penetrants. At high enough
by MD were used for the calculation of solubility of various penetrant size, the number of successful insertions approaches
components in the polymer. The Widom test particle insertion zero.
method® was used to calculate the excess chemical potential In Table 5, experimental data in the temperature range-283
of n-alkanes n-perfluoroalkanes, and noble and light gases in 308 K (and 423 K fon-pentane) 16 and MD simulation results
PDMS at various temperature and pressure values. To overcomeat 300 and 450 K and 0.1 MPa for the solubility coefficient at
problems associated with the slow relaxation of long chain infinite dilution, S,, of n-alkanes in PDMS are shown. The
polymer molecules that is not captured effectively by MD agreement between experiment and simulation is very good in
techniques and may affect thé calculations, six, two, and all cases. The solubility coefficien®, decreases at higher
four initially different structures at 300, 375, and 450 K, temperatures which is more pronounced for the case of heavier
respectively, were examined. At higher pressures (10 and 40n-alkanes, indicating that the sorption process is exothermic.
MPa) and 300 K four initially different structures were Similar behavior has been observed experimentally for the case
examined. In each of the 5000 PDMS configurations stored of various n-alkanes in poly(dimethylsilamethyleri&)and
during the MD simulation of the polymer melt, a large number «-olefins in low-density polyethylen®. The statistical uncer-
of molecule insertions were attempted. For the case of penetrantainty reported in the simulations is the standard deviation in
molecules with more than three UAs, thahibutanen-pentane, the calculated values for the different structures. For the larger
n-hexane, andn-perfluorobutane, molecule insertions were of the n-alkanes at 300 K, the statistical uncertainty remains

performed using configuration bias techniqd&én insertion high despite the many different structures examined and the
is defined as “successful” in the case wheggue-pol > 0.7 large number of molecule insertions. This should be attributed
Osolute-pol fO all solute— polymer segment pairs, whergjute-pol to the very low successful insertion rate. In Figure 8, experi-

is the distance between a segment of the inserted solute moleculenental data and MD predictions f& are shown. For clarity,

and a polymer segment amdoiue-pol IS the LI parameter for  at 300 K only the experimental data reported by Kamiya &? al.
this pair of segment®. The number of attempted insertions used are presented, since these authors performed a very thorough
per polymer configuration was as follows: 10 000 for mona- experimental investigation for very many (34 in total) different
tomic species (Clj CF;, He, Ne, Ar, Kr, Xe), 20 000 for penetrants at conditions close to the one examined here.
diatomic species (s, CoFs, N2, O2), 50 000 for propane and For the case offi-pentane solubility in PDMS, experimental
perfluoropropane, 100 000 forbutane anah-perfluorobutane, data using different techniques (pressure deaag inverse gas

200 000 forn-pentane, and 400 000 forhexane. chromatographyf) over a wide temperature range are reported
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atm) ofn-alkanes in PDMS at 300 K (gray triangles) and 450 K (solid
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Figure 10. Solubility coefficientsS, of n-perfluoroalkanes in PDMS
at 300 K (solid circles) and 450 K (solid diamonds) and 0.1 MPa.
Experimental data are from Kamiya et*@l(open circles at 298 K)
and from Merkel et al® (open triangles at 308 K).

due to the higher density of the polymer melt at elevated
pressures.

In Table 7, the infinite dilution solubility coefficients of
n-perfluoroalkanes in PDMS at 300 and 450 K and 0.1 MPa
together with literature experimental values at 298 and 308 K
are showrt%13The agreement between simulation and experi-
ment is good, with the exception of GFwhere simulation
overestimates the experimental value by approximately 50%.
This failure should be attributed to the force field parameters
for CF; that were obtained from fitting viscosity data.
Comparison between experiment and simulation $rof
n-perfluoroalkanes is shown in Figure 10. It should be mentioned

n-pentane in PDMS. Closed symbols are MD results. Statistical that n-perfluoroalkanes are less soluble than the analogous
uncertainty in MD values at 375 and 450 K is much less than the size hydrocarbon molecules in PDMS. Similar experimental results

of the symbols. Experimental data: open triangles are from pressurehaye peen reported for a few fluorinated gases in PDMS by

decay measuremerftgnd open circles are from inverse gas chroma-
tography*6

Table 6. Pressure Effect of the Solubility Coefficient ofn-alkanes in
PDMS at 300 K

S (cm? (STP)/cnd pol atm)

P (MPa) CH, CzHs CsHg  n-CsHio n-CsHiz
10 0.444+ 0.05 25+ 05 7+£2 20£6 4245
40 0.301+0.005 1.4t0.1 4.0+04 11+4 25+5

Table 7. Experimental Data and Molecular Simulation Results at
300 and 450 K and 0.1 MPa for the Infinite Dilution Solubility
Coefficients S, (cm3 (STP)/cn® pol atm) of n-perfluoroalkanes in

PDMS
n-perfluoroalkane
Ck CoFs CsFsg n- C4F10
MD Simulation
300K 0.28+0.06 0.35+0.01 0.97£0.01 2.6+04
450 K 0.21+0.01 0.21+0.01 0.34t£0.01 0.58+0.02
Experiment
298 K1©  0.166 0.382 0.803
308KS  0.19 0.33 0.85

in the literature. MD simulations at 375 K were performed in

several researchet313.17

Finally, the infinite dilution solubility coefficients of five
noble and two light gases in PDMS at 300, 375, and 450 K and
0.1 MPa were calculated. In Table 8, MD simulation results
and experimental data from different soulc¥s3-15.18.19gre
presented. Despite the scattering in experimental data, the
agreement between experiment and simulation is remarkably
well in most cases. The solubility coefficierfigsof these gases
as a function of the experimental gas critical temperature are
plotted in Figure 11. For clarity again, only the experimental
data of Kamiya et al? are presented. Experimental data indicate
that, in general, gas solubility in polymers is correlated very
accurately with the gas critical temperature. This empirical
correlation is verified by the MD calculations presented here
(solid line in Figure 11).

Furthermore, if one plot&, vs the critical temperature for
all the solutes examined here, then data can be grouped in two
sets, as shown in Figure 12. The first set of data refers to
n-perfluoroalkanes while the second set contains the remaining
of the solutes. A linear fit to the second set of data results in a
slope for d(logS,)/dT. equal to 0.007, in very good agreement
with a slope of 0.0076 reported by Kamiya ef@for 33 gases
in PDMS, of 0.0062 reported by Merkel et'dlfor 7 gases

addition to 300 and 450 K and are compared to experimental (Hz, Oz, N2, CO,, CHs, CoHg, C3Hg) in PDMS, and of 0.0071

data in Figure 9. The temperature dependenc&aé quite
strong; a decrease R by approximately 20 times is observed

reported by van Amerongehfor 7 gases (ki Oz, N, CO;,
CHas, NH3, SGy) in natural rubber.

over 150 K. The agreement between experimental data using Finally, the temperature dependence&gp$hows a systematic

different techniques and MD simulation is excellent.
The effect of pressure on the infinite dilution solubility
coefficient S, of n-alkanes in PDMS was also examined. In

variation from positive to negative as the size of the gas
molecule increases, as shown in Figure 13. MD calculations
indicate that the temperature coefficient ®fis positive for

Table 6, simulation results are reported. No experimental dataHe and Ne, close to zero for Ar,JNand Q and negative for
are available at these conditions. It is obvious that as the pressuréCH,;, Kr and Xe. A qualitatively similar behavior has been
increases the solubility coefficient decreases. This behavior is observed experimentally by van Amerong&ior various gases



1728 Makrodimitri et al. Macromolecules, Vol. 40, No. 5, 2007

Table 8. Solubility Coefficients S, (cm? (STP)/cn? pol atm) of Noble and Light Gases in PDMS at 0.1 MPa Obtained from MD Simulation
and Experiment?

S (cm? (STP)/cnd pol atm)

gas 300 K 375K 450 K experiment

He 0.058+ 0.001 0.091t 0.001 0.125+ 0.001 0.028 (ref 10), 0.046 (ref 18), 0.043 (ref 19)

Ne 0.078+ 0.001 0.109t 0.001 0.139+ 0.001 0.042 (ref 10)

Ar 0.31+0.02 0.27+0.01 0.26+ 0.01 0.256 (ref 9), 0.225 (ref 10), 0.34 (ref 19)

Kr 0.76+ 0.04 0.58+ 0.02 0.47+ 0.02 0.586 (ref 10)

Xe 2.8+0.2 1.4+0.1 0.9+ 0.1 1.92 (ref 10)

N2 0.15+ 0.01 0.15+ 0.01 0.16+ 0.01 0.127 (ref 9), 0.09 (ref 13), 0.111 (ref 10), 0.12 (ref 14), 1.1 (ref 15)
O, 0.22+0.01 0.21+ 0.01 0.19+ 0.01 0.224 (ref 9), 0.18 (ref 13), 0.205 (ref 10)

aTemperatures are as follows: ref 10, 298 K; ref 18, 300 K; ref 19, 273 K; ref 9, 298 K; ref 13, 308 K; ref 14, 308 K; ref 15, 301 K.

Figure 11. Infinite dilution solubility coefficient of light gases in
PDMS at 300 K and 0.1 MPa obtained from MD simulation (solid gases in PDMS as a function of temperature obtained from MD
circles). Open symbols are experimental déféihe solid line is a fit
to simulation data.
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Figure 13. Infinite dilution solubility coefficientS, of noble and light

simulation (He, open circles; Ne, solid squares; btars; Q, open
diamonds; Ar, solid triangles; Clicrosses; Kr, solid circles; Xe, open

triangles).
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Figure 12. Correlation of infinite dilution solubility coefficienty, in

PDMS with penetrant critical temperature: Solid circles correspond
to hydrocarbons and noble and light gases results from this work; open

circles correspond ta-perfluoroalkanes results from this work.

in natural rubber and by Curro et %l.for noble gases in
polyethylene using the polymer reference interaction site roalkanes and this is confirmed both experimentally and

(PRISM) model.
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Results are shown in Figure 14 faralkanes andn-

Carbon number

Figure 14. Enthalpy of sorption ofh-alkanes anah-perfluoroalkanes

in PDMS. Solid symbols: MD simulations. Experimental data: open
circles from Shah et dlgray circles from Kamiya et at’ and open
triangles and light gray circles from Prabhakar et’al.

: ] . computationally. In all cases, MD results are lower, in absolute
Simulation results fo& at different temperatures can be used terms, than the few experimental values which, in turn, deviate
for the calculation of the enthalpy of sorptioAHs) of solutes

in PDMS, according to the expression:

a(ns)  AH

from each other.

5. Conclusions

In this work, the thermodynamic properties and microscopic
structure of PDMS melt were examined using molecular
dynamics. For this purpose, an accurate force field was used
that was developed based on Sok et2ahodel. Force field
development aimed toward the accurate representation of

perfluoroalkanes together with experimental values proposedpolymer melt density over a wide temperature range at ambient
by Shah et al.for methane and propane, by Kamiya etfor pressure. The force field was also used for melt density
methane and experimental values for the isosteric enthalpy of prediction at high pressures (10 and 40 MPa). Model predictions
sorption of propane and of perfluoropropane reported by and experimental data were in good agreement in all cases. The
Freeman and co-worket$An almost linear increase, in absolute  microscopic structure of polymer melt was also studied in detail.
terms, with carbon number is observed fas, that has been Subsequently, the solubility ofalkanesn-perfluoroalkanes,
reported also for other silicon-containing polyméra-Alkanes and noble and light gases in PDMS at 300, 375, and 450 K
exhibit a higher AHs value than their corresponding perfluo- was calculated using the Widom test particle insertion technique.
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Accurate force fields were used for the solute molecules. Results(17) Prabhakar, R. S.; Merkel, T. C.; Freeman, B. D.; Imizu, T.; Higuchi,

agreed very well with available experimental data, mostly around
300 K with few scatter data at higher temperatures, with the

exception of Ck. A systematic variation of temperature effect
on gas solubility from positive, for the case of relatively lighter

gases, to negative, for the case of relatively heavier gases, wa
observed. Work in this topic is underway for the case of other

silicon-containing polymers. MD results for the solubility

coefficient at various temperatures were used for the calculation

of enthalpy of sorption oh-alkanes andh-perfluoroalkanes in
PDMS. Calculations were in good agreement with limited
experimental data available from the literature.
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