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ABSTRACT: Using a fully atomistic force field for polydimethylsiloxane developed by Smith et al. [J. Phys.
Chem. B 2004, 108, 20340], we study the interfacial properties of polydimethylsiloxane (PDMS) as well as its
interactions with water. We determine the surface tension of methyl- and hydroxyl-terminated PDMS chains
with lengths between 20 and 100 repeat units and find good agreement between simulation results and experimental
observations. The width of the polymer liquid—vapor interface is shown to depend on both molecular weight and
temperature. The surface tension and contact angle are determined for the PDMS—water binary system using
several different geometries and calculation methods. At 300 K, the surface tension of roughly 41 mN/m and
contact angle of ~108° for chains with 100 repeat units are in excellent agreement with experimental data. The
width of the interface in both the PDMS and water layers increases with temperature, although the computed
widths are significantly smaller than the liquid—vapor widths of the individual liquids. The diffusion constant
measured for low concentrations of water molecules permeating through PDMS shows a wide degree of variation
as a result of “caging” effects caused by local density inhomogeneities. At larger concentrations, aggregation of
the water molecules leads to phase separation. Finally, the degrees of alignment of the methyl groups and siloxane
backbones at the interface are found to decrease with temperature but are augmented in the presence of an interface

with water.

I. Introduction

Siloxanes, and in particular poly(dimethylsiloxane) (PDMS),
have a number of exceptional physical properties that make them
desirable for a range of industrial applications. For instance,
because of its high degree of backbone flexibility, PDMS has
the lowest known glass transition temperature (150 K) of any
polymer. In addition, because of its high degree of chemical
stability, PDMS can also be used at relatively high temperatures.
These properties make PDMS and its derivatives ideal for
applications such as adhesives,' coatings,” and encapsulants.’
In addition to its industrial versatility, PDMS has one of the
simplest chemical structures of any non-hydrocarbon polymer,
enabling studies of its properties based on its atomic structure
and dynamics. Using molecular dynamics (MD) simulations,
we investigate a number of interfacial properties of PDMS.

The properties of PDMS at its liquid—vapor interface have
been studied experimentally. Fox et al.* present results for the
surface tensions of very short PDMS chains up to 17 repeat
units in length as well as very long chains, while Sauer and
Dee’® and Jalbert et al.” have studied the surface tension of
PDMS melts as a function of chain length for intermediate-
weight polymers. The latter results confirm the scaling law y
~ M, (where M,, is the molecular weight) proposed by Siow
and Patterson for short polymer chains.®

Because one of the common applications of PDMS is as a
sealant against water penetration, it is important to understand
the interaction of PDMS with water. Diffusion of water through
PDMS has been the subject of numerous experimental studies;
these measurements typically involve permeation® "' or sorp-
tion'?> studies. Several attempts have also been made to
determine the diffusion constant using molecular dynamics,'>'*
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following the work of Sok et al.,'> who studied the diffusion of
helium and methane through siloxanes; however, these calcula-
tions have been performed for very small systems. The resulting
estimates for the diffusion constant show variations of almost
an order of magnitude for both experimental measurements and
simulation results, indicating the difficulty associated with
determining the transport of water through PDMS. The dis-
crepancy is caused in part by “caging” effects, first observed in
polymer melts by Takeuchi,'® in which local variations in
density through the melt can cause small molecules attempting
to permeate through the melt to become trapped, limiting dif-
fusion.'” "¢

The contact angle and surface tension are often used to
characterize the bulk PDMS—water interface. Measurements of
the advancing contact angle of the PDMS—water interface have
been made by multiple investigators;>' > typical values show
a hydrophobic interface, with contact angles between 98° and
112°. The surface tension of the interface has not received as
much attention, although Fox et al. have obtained limited results
using a drop-weight apparatus.*

There have been a number of recent studies of chain
orientation in the vicinity of interfaces. Kim and co-workers**
recently performed experimental measurements of PDMS
monolayers at an air—water interface. Simulation studies include
the work of Tsige et al.? and Smith et al.,”® both of which
examined PDMS interacting with a silica surface.

We have previously studied PDMS melts>’ using the united-
atom class I potential of Sok et al.'> and an explicit-atom class
IT potential developed by Sun and Rigby.”®** We have also
examined the structure and relaxation of end-linked PDMS
networks.’® In the present paper, we examine the behavior of
PDMS at the liquid—vapor interface, as well as its interactions
with water, using a Buckingham (or exponential-6) force field
for PDMS developed by Smith et al.>' We examine properties
such as the surface tension, contact angle, and interfacial width
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Table 1. Mixing Terms for Nonbonded Lennard-Jones
Interactions between SPC/E Water and PDMS Using the Smith
et al.*! Force Field

nonbonded pair? &;; (kcal/mol) 0jj A)
Si—Oyw 0.1948 3.490
O0—Oyw 0.1764 2.993
C—Ow 0.1147 3.292
H—Ow 0.0390 3.069

“ No mixing terms were calculated for nonbonded interactions including
hydrogen from SPC/E water molecules.

as a function of temperature, chain length, and end group. Our
results are consistent with the available results in the literature.

We briefly review our simulation methodology, including the
force field, techniques, and calculations employed, in the
following section. We present and discuss our findings for pure
PDMS in section III and for the PDMS—water interface in
section IV before summarizing our conclusions in section V.

II. Methodology

A. Force-Field Description and Simulation Methodology.
As discussed above, our previous simulations of PDMS?’ used
both a united-atom force field"” and a class IT explicit-atom force
field.?®2° Structural calculations using the united-atom force field
showed large deviations from experimental measurements.
While the class II force field offered better agreement with
experiment, the large number of “mixed geometry” terms in
the force field led to unacceptably slow performance for very
large systems. Also, in our previous work on the surface tension
of alkanes,?” we found that explicit-atom force fields agreed
with experimental surface tension data more closely than united-
atom force fields. Consequently, we model the PDMS molecules
using the explicit-atom Buckingham force field developed by
Smith et al.,>' which contains terms describing the nonbonded,
bond, angle, and torsional terms. For the water molecules, we
use the SPC/E water model,** which was found to be the best
available three-point model for interfacial calculations in a
previous study of the water liquid—vapor surface tension.** To
obtain the mixing terms needed to describe the interactions
between the PDMS and water, it was necessary to fit the
Buckingham potential to a Lennard-Jones potential for distances
r > r¥*, where Ug(r¥*) = 3kgT, before applying the standard
arithmetic mixing rules for Lennard-Jones potentials. (The value
of 3kgT was chosen as the cutoff as it allows for a reasonable
fit for the 7~ '? repulsion while avoiding the problems associated
with the presence of the maximum in the Buckingham potential.)
The Lennard-Jones cutoff, as well as the switching distance
for the long-range electrostatic interactions, was set to 10 A.
Since the H—H Lennard-Jones well depth is set to zero for
SPC/E water, no Lennard-Jones mixing terms were computed
between the PDMS atoms and the hydrogen atoms in water.
The resulting parameters for the mixing terms are shown in
Table 1.

All simulations were performed using the LAMMPS simula-
tion package.*” The equations of motion were integrated by the
Verlet method using a 1 fs time step. For both the NVT and
NPT ensemble calculations, the temperature is maintained using
a Nosé-Hoover thermostat with a 100 fs damping constant. In
addition, the NPT ensemble calculations employed a Nosé-
Hoover barostat with a 500 fs damping constant to control the
pressure.

B. Interfacial Properties of PDMS. To determine the surface
tension of PDMS chains, a bulk melt was allowed to equilibrate
at 300 K for at least 2 ns. The melt contained 500 chains of N,
= 20 monomer units, 200 chains of N, = 50 monomer units,
or 100 chains of N, = 100 monomer units; for a given
simulation, the terminal groups were either all methyls or all
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hydroxyls. The initial box dimensions were approximately L,
=L,=125 A, with the z-direction chosen to match experimental
density. Equilibration of the liquid phase followed the method
used by Sides et al.,?” in which randomly oriented chains were
placed in a box, with overlaps removed by the use of a soft
potential, followed by a 4 ns run in the NVT ensemble.
Following the initial equilibration period, the periodic boundary
condition in the z-direction was removed, and for each chain
which crosses the boundary, duplicate configurations of the chain
were created; the chain whose center of mass remains within
the original simulation box was kept. The z-dimension was then
increased to L. = 165 A for the N, = 20 system and L. = 188
A for the N, = 50 and N, = 100 melts, ensuring that the periodic
images of the resulting slab do not interact with one another.

For a pure liquid in equilibrium with its vapor, the surface

tension yp can be determined from pressure calculations:*®*’

ye = 5(B0- 30+ ) (M)

However, truncating the Lennard-Jones potential causes an
underestimation of the surface tension by neglecting the long-
range contributions. A better estimate for the surface tension
can be obtained by including a “tail correction”, which is
computed from the density profile p(z):*®

va =30 [ [P0 - 35 ¢
(p(2)p(z — s1) — (pg(2))) drds dz (2)

where U(r) is a pairwise potential, g(r) is the radial distribution
function, p(z) is the observed interfacial profile, s = cos 6 in
cylindrical polar coordinates, and pg(z) is a Gibbs dividing
surface:

b0 = p. + 52 sen(o) )

where p. = (p; + py)/2 and Ap = p, — p, are the average density
and the difference in density between the liquid and vapor
phases, respectively. It is assumed in using eq 2 that the radial
distribution function g(r) ~ 1 for r = r,, while, on the basis of
our previous work,*>**3%4° we fit the density profile p(z) to an
error function. For the purposes of this calculation, the profile
is shifted such that the interface is located at z = 0.

In the case of the Buckingham potential, only the r~
dispersion term is necessary to evaluate eq 2 since the
exponential terms are negligible for r > r.. For a species like
PDMS with multiple pairwise potentials, the tail correction Y,
becomes a sum over all pairwise potentials. The overall surface
tension y is determined as the sum of the direct simulation result
and the tail correction: y = yp + y.u. For sufficiently large
cutoffs, it can be shown that the results of an explicit Ewald
summation for both the Lennard-Jones and electrostatic interac-
tions yields the same results as the sum of the simulation with
a cutoff plus the tail correction given in eq 2.*°

C. Diffusion of Water in PDMS Melts. To measure the
diffusion of water through a PDMS melt, 1, 5, 20, or 120 SPC/E
water molecules (corresponding to concentrations of 0.012,
0.060, 0.25, and 1.45 wt %) were inserted into a pre-equilibrated
bulk PDMS melts containing either 100 20-mers or 20 100-
mers of either methyl-terminated or hydroxyl-terminated chains.
A short NVT simulation using a soft potential was performed
to remove any overlaps between the embedded water molecules
and the bulk PDMS. Following this, a short simulation (0.5 ns)
in the NPT ensemble was used to establish the system at p =
1 atm for 7 = 300 and 400 K. The dynamics of the resulting
configuration was then measured using a molecular dynamics
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Figure 1. (left) Diffusion of 20 water molecules (0.25 wt % water) through a methyl-terminated PDMS melt of chain length 100 after 2 ns of
simulation. (right) Onset of phase segregation for a system containing 120 water molecules in a melt of methyl-terminated PDMS chains (N, =
100; 1.45 wt % water) after 2 ns of simulation. PDMS molecules are shown in bond representation; atoms in water molecules are represented by

van der Waals spheres.

simulation in the NVT ensemble. The positions of the oxygen
atoms in the water molecules were recorded every 250 fs over
the course of a simulation covering 10 ns or longer for the
systems at 0.012 and 0.060 wt % and 7 ns or longer for the
systems at 0.25 and 1.45 wt %. A sample configuration showing
the positions of the water molecules for the 0.25 and 1.45 wt
% systems is shown in Figure 1. The trajectory information
was used to generate a plot of mean-square displacement of
the oxygen atoms as a function of time. Determining the normal
diffusion regime, the diffusion coefficient was then computed
from the Einstein equation:

L+ A — D)
D= Altlgloo 6At

“)
where the ensemble average is taken over both the trajectory
of all the water oxygen atoms and all available initial starting
configurations.

D. Surface Tension and Contact Angle of PDMS—Water
Interfaces. In addition to determining the diffusion properties
of water in PDMS, we also studied the behavior of the
PDMS—water interface. Three different water geometries were
examined: a hemispherical drop with radius 60 A, a spherical
drop with radius 50 A, and a slab with thickness 50 A. The
two drop geometries were used to test if initial drop shape had
any effect on the measured contact angle, while the slab
geometry permitted an additional route for calculation of
interfacial properties. In each simulation, an initial downward
velocity v. = —0.1 A/ps was applied to the drop, ensuring that
it will come into contact with the surface. After the two surfaces
come into contact, the water and PDMS surfaces were allowed
to reach equilibrium. Following equilibration, the simulations
were run for an additional 2 ns using an NVT ensemble at 300
K.

For the drop simulations, the positions of the water
molecules were recorded every 10 ps; the contact angle was
then calculated using the isochoric density-binning method
of Werder et al.*! Given the contact angle, one can then
determine the surface tension of the PDMS—water interface
via Young’s equation:**

Yew = Vp — Yw C0s 0 Q)

Figure 2. Equilibrated configuration of a water slab in contact with a
methyl-terminated PDMS slab of chains with length N, = 100 at 300
K. Silicons are shown in yellow, oxygens in red, carbons in light blue,
and hydrogens in gray.

where yp and yw are the surface tensions of PDMS and SPC/E
water as determined by simulation, 6 is the PDMS—water
contact angle, and ypw is the surface tension of the
PDMS —water interface. For the slab—slab interface, as shown
in Figure 2, the difference between the pressures normal and
parallel to the interface is equal to the sum of the surface
tensions for the liquid—vapor interfaces for water and PDMS
plus the surface tension of the liquid—liquid interface:

1
Yim = Yw T Vew T Vp = Lz(@zlj_ E@x + py[) ©)

Because of the low vapor pressures of both water and PDMS
at 300 K, there were essentially no molecules in either vapor,
and periodic boundary conditions can be used in the z-direction
without significantly altering the results obtained from eq 6.
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Figure 3. Orientation vectors vy and vg used to compute the methyl
and backbone order parameters Sy and Sp. Silicons are shown in yellow,
oxygens in red, carbons in light blue, and hydrogens in black.

No tail corrections of the form given in eq 3 have been used in
obtaining the surface tension of the PDMS—water interface.

E. Molecular Orientation near the PDMS—Water Inter-
face. In addition to the surface tension, we also examined the
orientation of methyl groups near the PDMS—water interface.
We follow in this work the prior studies of Pierce et al.,*> who
examined semifluorinated alkanes, and Tsige and Grest,** who
studied perfluorinated alkanes at the liquid—vapor interface. For
these simulations, the slab—slab geometry shown in Figure 2
was examined. We can characterize the effect of the interface
on methyl group orientation as a function of position using the
orientation order parameter S:

S(z) = %B cos’ 0 — 10 @)

where 0 is the angle between a vector that represents the
molecular orientation and the unit vector z normal to the
interface. Here [3+[represents an ensemble average over all
vectors within a specified slab in the z-direction. The value of
S is zero if the vectors are randomly oriented, 1 if all vectors
are aligned normal to the interface, and —0.5 if all vectors are
aligned parallel to the interface. To characterize molecular
orientation of the methyl groups Sy, we define the orientation
vector vy for the methyl groups as the segment connecting the
C of the methyl group to the point corresponding to the center
of the three hydrogen atoms. We also characterize the backbone
orientation Sg, defining as an orientation vector vg to be the
relative positions of two silicon atoms separated by two oxygen
atoms along the backbone of the chain. According to the
definition of the order parameter, positive values of Sy and Sg
indicate that the CH; groups and backbone prefer to align normal
to the interface; negative values indicate a parallel alignment.
We expect Sy and Sp to be negatively correlated, so that parallel
alignment of the backbones leads to normal alignment of the
methyl groups, and vice versa. Sample orientation vectors vy
and vg are shown in Figure 3.

Knowing the orientations of the CH; groups and the backbone
of a PDMS molecule should supplement our understanding of
the orientation of the molecule near the interface. The other
advantage of calculating and reporting these two orientations
is that they can be observed experimentally using infrared—visible
sum frequency spectroscopy techniques.*

III. PDMS Interfacial Properties

A. Surface Tension of PDMS. The surface tension of PDMS
as a function of chain length and end group at 300 K is shown
in Table 2. The surface tension of the methyl-terminated PDMS
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Table 2. Surface Tension of PDMS at 300 K as a Function of
Chain Length and Type

surface tension,” mN/m

N, chain type Vp Yl Y =Yp T Vuil
20 —CH; 15.0 5.5 20.5
50 —CH; 18.0 5.4 23.4
100 —CH; 18.5 5.4 23.9
o0 —CH; 26.0
20 —OH 16.4 5.2 21.6
50 —OH 17.3 5.0 22.3
100 —OH 18.0 4.7 22.7
Y —OH 23.2
expt (ref 6) 21.0

¢ Uncertainty in yp and 7 is less than 1.0 mN/m.

increases as a function of chain length, in agreement with the
experimental results of Dee and Sauer,”® although the numerical
values determined by simulation are about 10% higher than
those obtained from experiment. However, the work of Jalbert
et al.” suggests that the surface tension of both methyl- and
hydroxyl-terminated PDMS should decrease with increasing
molecular weight. Although the present work does not support
this finding, we do find, as did Jalbert et al., that the change in
surface tension as a function of molecular weight is smaller for
the hydroxyl-terminated PDMS than for the methyl-terminated
PDMS. The surface tension of PDMS is very similar to that of
alkane chains of comparable length,?* which suggests that the
methyl groups on the siloxane backbone play a larger role in
determining the interfacial behavior than does the backbone
itself.

Using the M, power law proposed by Siow and Patterson
for low-weight polymers,® we can also determine upper bounds
for the surface tension in the limit of an infinite-weight polymer.
The infinite-weight limits for the methyl- and hydroxyl-
terminated chains are also given in Table 2; the variation
between the results for the N, = 100 system and the infinite-
length polymer is less than 10% for both methyl- and hydroxyl-
terminated chains. The estimates for y., represent upper bounds,
since it is expected that, at high molecular weights, the molecular
weight dependence of the surface tension should be M,, ! instead
of M, ~23 546

Examining the simulation and tail correction components to
the surface tension, we find that the magnitude of the tail
correction contribution y,,; ranges between 20% and 25% of
the overall surface tension 7. Overall, this is a much greater
relative contribution to the surface tension than the long-range
correction in water, which accounts for ~10% of the overall
surface tension at 7 = 300 K and a cutoff r, = 10 A.** This
discrepancy is caused by the relative importance of electrostatic
interactions in water compared to PDMS, as only the oxygens
in SPC/E water have assigned LJ interactions, while all of the
polymer atoms have LJ interactions.

The effect of temperature on surface tension was also
examined; simulation results for temperatures between 300 and
450 K for methyl-terminated chains with lengths 20 and 100
are shown in Figure 4. The surface tension for both lengths
decreases with temperature, as expected; however, the surface
tension decreases more quickly for the N, = 100 chains than
for the N, = 20 chains. In addition, the long-range contributions
Yl to the surface tension decrease with temperature, both on
an absolute scale and in its relative contribution to y.

B. Intrinsic Width of PDMS Interface. The total interfacial
width A and intrinsic interfacial width A, are related through
the surface tension y according to*’ >

kgT
2 2 B L
AP = A7+ oy ]n(_Bo) (®)
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Figure 4. Surface tension of methyl-terminated PDMS as a function
of temperature. Simulation results for yp (open symbols) and y (filled
symbols) are shown for chain lengths N, = 20 (circles) and N, = 100
(squares).
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Figure 5. Interfacial width A? of —CH;-terminated PDMS chains as a
function of temperature divided by surface tension (7/y) for chain
lengths N, = 100 (squares) and N, = 20 (circles); regression lines
represent the least-squares fit to eq 8.

where L is the length of the simulation box parallel to the
interface and By is an intrinsic parameter of the simulation. Sides
et al.*® and Ismail et al.** have previously shown for molecular
systems that the density profiles used to determine the capillary
width are best fit to error functions instead of to hyperbolic
tangent functions. In our previous work on liquid—vapor
interfaces of water,** we used the logarithmic dependence of
A on the interfacial length L to derive an estimate for the surface
tension y. However, from eq 8, one can also determine the
intrinsic width A, of the interface from knowledge of the total
interfacial width A and of the surface tension y(7) as a function
of temperature, while keeping the interfacial length L constant.>>

Thus, using eq 8 to fit the temperature data given in Figure
5, we find that the intrinsic width of the methyl-terminated
PDMS is Ay = 4.8 A for N, = 100. A significant chain length
dependence exists: for N, = 20, the intrinsic width is essentially
zero, since Ag> =~ 0. These values are substantially smaller than
most estimates found for the intrinsic width of high-molecular-
weight polymers,> reflecting a strong finite chain-length effect.
This result is also consistent with the work of Mitrinovi¢ et
al.,>* who found that the interfacial width exhibited a strong
molecular-weight dependence.

IV. PDMS—Water Interfacial Properties

A. Diffusion of Water in PDMS Melts. Computing the
diffusion constant for a small permeant through a polymer melt
can be challenging because it is possible for the permeant to
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become trapped within a region of the melt for significant
periods of time.'” The permeant consequently moves through
the melt in a series of “hops”; in between these hops, it becomes
stuck in a “cage”, during which very little net displacement
occurs. Our simulations demonstrate that the initial position of
the water molecule in the melt can have a strong effect on the
overall net displacement, suggesting that even relatively small
inhomogeneities in the melt structure can have a large effect
on diffusion.

As an example, we show in Figure 6 the position of the central
oxygen atom of a single water molecule diffusing through a
melt of methyl-terminated PDMS with N, = 100 for three
different starting positions within the melt. While two of the
trajectories show that the water molecule travels through a
substantial portion of the melt within 2 ns, one of the molecules
is clearly caged within a single region for the entire length of
the simulation. The averaged mean-square displacements for
these three trajectories are also shown in Figure 7; the high-
displacement particle would have a diffusion constant 10 times
larger than the medium-displacement particle; a similar differ-
ence exists between the medium- and low-displacement par-
ticles. Figure 7 also demonstrates that the caged water molecule
undergoes anomalous diffusion,” while the other particles are
closer to the Einstein diffusion regime.

Results for the diffusion constant of water through PDMS at
300 and 400 K as a function of chain type and water
concentration are shown in Table 3. As can be seen, at 300 K,
diffusion rates slow down as a function of concentration for all
four combinations of chain length and terminal group, particu-
larly at higher concentrations. Such behavior is to be expected,
as higher concentrations lead to greater aggregation of water
molecules, which will diffuse through the polymer more slowly
than individual molecules. Estimating the uncertainty in the
measured diffusion constants is complicated by the presence
of caging effects, which introduces systematic errors that are
much larger than the statistical error inherent in determining
the slope of the best-fit line; a sample of the mean square
displacements versus time used to determine the diffusion
constants D is shown in Figure 8.

The aggregation limit does not appear to have been reached
at 400 K, as the diffusion constants for 0.01 and 0.06 wt % are
comparable. Comparing the trajectories of the water molecules
in Figure 6, we find that at 400 K the water molecules are
significantly more mobile than the comparable molecules at 300
K. This is in part due to the lower density of PDMS at 400 K,
which creates greater “holes” and decreases the probability of
water molecules getting trapped in a given section of the
polymer matrix.

There is a wide discrepancy in the values reported in the
literature for the diffusion constant of water in PDMS. For
instance, using MD simulations, Tamai et al. 13 obtain a diffusion
constant D = 1.5 x 1073 cm?s for a single SPC/E water
molecule at 300 K moving through PDMS modeled using a
united-atom GROMOS force field."” Fritz and Hoffman'* report
diffusion constants at 300 K ranging between 8 x 10° and 3.7
x 1075 cm?s, although they used the pcff force field®® to model
PDMS instead of GROMOS. Some of the discrepancy between
the studies may be the result of finite size effects; Tamai et
al."® use only five chains of 30 repeat units per simulation, for
a concentration of 0.16 wt %, while Fritz and Hoffman studied
the motion of three water molecules in a single polymer with
220 repeat units (a concentration of 0.33 wt %). These
concentrations appear to be at or above the solubility limit of
water in PDMS, which has been estimated in various experi-
ments to be between 0.1 and 0.2 wt % at 300 K.'°”7 The
simulations of Tamai et al.,'> which also examined diffusion
for a water concentration of nearly 1 wt %, shows strong
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Figure 6. Trajectories for three water molecules placed at different initial positions within a melt of methyl-terminated PDMS chains of length 100
over a 2 ns interval at 300 K (left) and 400 K (right). At 300 K, two of the trajectories (blue and brown) exhibit “hopping,” while a third (green)

exhibits caging.
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Figure 7. A log—log plot of mean-square displacement as a function
of time for the three trajectories (blue solid line, brown dashed line,
and green dash-dotted line) shown in the 300 K plot in Figure 6.

Table 3. Diffusion Constant of Water as a Function of Water
Concentration and PDMS Chain Length and Type at 7 = 300 K

and p = 1 atm

diffusion constant, D (x 107> cm? s™")

300 K 400 K
0.012 0.06 0.25 0.012 0.06
N, chain type wt % wt % wt % wt % wt %
20 —CH; 2.15 0.62 0.56 7.87 9.05
20 —OH 1.91 1.58 0.63 15.0 7.42
100 —CH; 2.50 1.04 0.78 6.80 9.54
100 —OH 3.19 0.90 0.81 8.79 7.44

evidence of phase segregation, as do our simulations (see Figure
1) for the highest water concentration studied.

Experimental results also show an equally wide divergence.
The equilibrium sorption and permeation studies of Barrie and
Machin'? obtain a value of D = 4 x 1075 cm?s, while the
permeation studies of Okamoto et al.” lead to an estimate of D
= 1.45 x 1075 cm?%s. Among more recent measurements, Favre
et al.'? obtain a diffusion constant of D ~ 10~* cm%s, while
Watson and Baron'' found the diffusion constant to be D = 2
x 107% cm?/s. All experimental data have been reported at 300
K.

Comparing the results of our simulations to the previously
reported studies, we find that our results are consistent with
previous studies. For higher concentrations, aggregation effects
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Figure 8. Plot of mean-square displacement vs time for the diffusion
of water at 300 K through PDMS at a concentration of 0.060 wt %
through a melt of chains of length 20 with methyl (black squares) and
hydroxyl (red circles) terminal groups. Fit lines for determining the
diffusion constant are also shown.

can be significant in determining the transport coefficients for
water in PDMS. Barrie and Platt found that clustering of water
molecules into dimers and trimers can lead to a 3—5-fold
reduction in the measured diffusion constants;>® this result is
consistent with our findings for the 0.06 and 0.25 wt % cases,
in which dimer and trimer clusters are observed. As can be seen
from Figure 1, as the concentration of water molecules increases,
the water molecules are found almost exclusively in clusters.
For the highest concentration studied, 1.25 wt %, we cannot
exclude the possibility that, at long times, the water molecules
will phase separate into a single cluster. This is consistent with
the observed experimental miscibility of 0.1—0.2 wt % water
in PDMS. '’

B. Surface Tension and Contact Angle of PDMS—Water
Interfaces. For the drop simulations near the interface, we note
that only a short time is required for the drops to reach their
final equilibrium shape. The initially spherical drop has obtained
a slightly spheroidal shape by the time it contacts the surface,
as shown in Figure 9. Within 50 ps, the initially spherical drop
has become further oblate, and after 100 ps, there is very little
change in the shape of the drop. Similar results were obtained
for the initially hemispherical drop. Although only 100 ps was
required for the final geometry to be obtained, the system was
allowed to equilibrate for 1 ns to eliminate any transient effects
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Figure 9. Evolution of the spherical water drop placed on top of a PDMS interface. Configurations shown at contact (left) and at 50 ps (center) and

100 ps (right) after contact.

Table 4. Surface Tension and Width Ap and Ay of
PDMS—Water Interface for Methyl-Terminated Chains
(Np = 100) as a Function of Temperature for Interfacial Area A
= 15400 A?

surface tension,” mN/m

interfacial width,” A

temp (K)  ¥Yim ba3 Yw yew A Aw Apy Awn

300 127 239 618 41 33 28 53 3.1
350 109 175 470 45 38 30 55 3.8
400 95 140 376 44 42 33 5.8 4.6
450 79  10.0 306 39 48 35 6.4 5.7

¢ Uncertainties in PDMS surface tension measurements are less than
1.0 mN/m; uncertainties in water surface tension measurements are less
than 3.0 mN/m. ? Interfacial width Ap,, for PDMS at its liquid—vapor
interface are from the present work; interfacial width for water at its
liquid—vapor interface taken from ref 34.

before collecting measurements for the surface tension and
contact angle.

The drop simulations gave consistent results for both the
spherical and hemispherical geometries. In each case, the contact
angle was measured to be 108 £ 3°, in good agreement with
experimental observations, which estimate the contact angle to
be between 98° and 112°.*'~>* Our measurements for the contact
angle show no dependence on the PDMS chain length, sug-
gesting that there are not enough chain ends available at the
surface to have a significant effect on the contact angle and
that there would not be a substantial difference were hydroxyl
groups substituted for the terminal methyl groups. Increasing
the cutoff for the Lennard-Jones interaction to 16 A likewise
had no discernible effect on the contact angle of the drop.

For the slab—slab interface, which had water placed above a
PDMS melt with N, = 100, the right-hand side of eq 6 is equal
to 127 mN/m. Given the values yp = 24 mN/m calculated above
and yw = 61.8 mN/m calculated for SPC/E water,>*** we find
that the interfacial surface tension is ypy = 41 mN/m.
Comparing this to the value calculated for the drop geometries
using eq 5 with the values of yp given above along with 6 =
108°, we obtain an estimate of ypw = 39 mN/m. These results,
obtained by two different methodologies, are internally consis-
tent as well as in excellent agreement with the experimental
surface tension of 40 mN/m.* It is also possible to determine
the variation of both the surface tension and the interfacial
thickness as a function of temperature; these results are presented
in Table 4. The surface tension of the PDMS—water interface
shows little variation as a function of temperature.

C. Interfacial Width of PDMS—Water Interfaces. In
addition to measuring the PDMS liquid—vapor interfacial width,
it is also possible to measure the interfacial width in each liquid
at the PDMS—water interface. The interfacial widths Ap and
Aw are a function of the surface area; for the simulations
performed here, the interfacial area is a constant, and therefore
the widths of the different interfaces can be directly compared.
As shown in Table 4, the intrinsic interfacial widths exhibit the
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Figure 10. Methyl order parameter Sy as a function of position for
chain lengths N, = 20 (black solid curve), N, = 50 (red dashed curve),
and N, = 100 (green dashed-dotted curve) of methyl-terminated PDMS
at the liquid—vapor interface.

expected increase in temperature; however, the widths of both
the PDMS and water layers at a PDMS—water interface are
significantly smaller than the interfacial widths of PDMS and
water at their respective liquid—vapor interfaces. This suggests
that the presence of the neighboring liquid phase acts to suppress
the intrinsic width of the interface.

D. Orientation near the PDMS—Water Interface. The
orientations of the methyl groups on the PDMS chains are shown
as a function of position in Figure 10 for the liquid—vapor
interface. The order parameter S at the PDMS liquid—vapor
interface shows similar behavior to that observed in fluoroal-
kanes,** varying from nearly O within the bulk and increasing
to ~0.3 near the liquid—vapor interface. There is little difference
in the order parameter as a function of chain length, as the
number of terminal groups is small compared to the total number
of methyl groups for the three lengths (N, = 20-, 50-, and 100-
mers) studied. In addition, the difference between the order
parameter profiles for methyl- and hydroxyl-terminated PDMS
chains is negligible for the same reason.

Examining the profile of the backbone order parameter Sg
for the binary PDMS—water system, shown in Figure 11, we
see that there is a sharpening in the order parameter profile at
the PDMS—water interface relative to the PDMS liquid—vapor
interface. For the PDMS—water interface, the value goes from
essentially zero to its maximum value near the interface within
a 10 A region; in the PDMS liquid—vapor system, this same
change occurs over a 20 A region. In addition to the sharpening
of the interface, there appears to be greater alignment of PDMS
chains in the presence of water. This is confirmed by plotting
the orientational order parameter for the methyl groups, as
defined by eq 7 and shown in Figure 12 for different
PDMS—water systems as a function of temperature. For each



Macromolecules, Vol. 42, No. 8, 2009

o

o

o
w

Backbone order parameter, S,
s )
S N

o

o
o
-
o
N
o

30 40 50 60 70
Z(A)

Figure 11. Backbone order parameter Sy for the Si backbone orientation
as a function of position for PDMS chains of length 100 at the
liquid—vapor interface (black solid curve) and at the PDMS—water
interface (red dashed curve). The interface is located at approximately
z=50A.
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Figure 12. Methyl order parameter Sy as a function of position for
chains of length 100 near the PDMS—water interface at 300 K (black
solid curve), 350 K (red dotted curve), 400 K (green dashed curve),
and 450 (blue dashed-dotted curve). The PDMS liquid—vapor interface
is located between z = —65 A and z = =50 A; the PDMS—water
interface is located at approximately z = 50 A.

system, the PDMS liquid—vapor interface to the left shows a
much weaker tendency toward alignment than does the
PDMS—water interface on the right. While the alignment near
the PDMS liquid—vapor interface becomes weaker as temper-
ature increases, the variation with temperature at the PDMS—
water interface is much smaller. This is consistent with the
physical behavior of the system, as the PDMS liquid—vapor
interface becomes less well-ordered as temperature increases.
With water as an adjoining phase, the persisting orientation of
chains parallel to the interface even as temperature increases
may stem from the electrostatic interactions between the PDMS
chains and the water.

However, there appears to be little evidence of significant
amounts of hydrogen bonding between the water molecules and
the oxygens on the PDMS chains. Following Lommerse et al.,”®
a hydrogen bond is defined here as a distance between a water
hydrogen and a PDMS oxygen of less than 3 A and a “bond
angle” Oono > 150°. Even for PDMS chains protruding into the
water layer, the concentration of hydrogen bonds is less than
0.1 per PDMS oxygen atom and drops rapidly as a function of
distance away from the interface. We also find that chains lie
more or less flat on the surface, with only minimal protrusions
of individual chains normal to the interface. These results
partially support the findings of Kim et al.,** who also found
that chains lie parallel to the interface but also found that at
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high concentrations the oxygens along the backbone were
exposed to the adjacent water phase, with the silicon atoms
closer to the other PDMS chains. The low concentration of
hydrogen bonds found in the present work suggests that a
different arrangement of the backbone atoms may exist. That
an alternate arrangement does occur is strongly supported by
the fact that the water drops placed on top of a PDMS slab
retained a droplike shape, indicating the hydrophobicity of
PDMS. Coupled with the low surface tension of PDMS relative
to that of water, these results explain why PDMS acts as a
sealant.

V. Conclusions

Extensive molecular dynamics simulations based on the Smith
et al. atomistic force field*' have been performed to determine
the interfacial and diffusion properties of PDMS. The results
obtained for PDMS interfacial properties are in good agreement
with results reported from both experimental and simulation
studies of PDMS. Given our previous work, which found that
united-atom force fields do not agree well with interfacial data
for short polymer chains** and offer poor agreement with bulk
properties for PDMS,?’ the present work indicates that explicit-
atom models of PDMS are probably required for accurate
measurements of interfacial properties. Examining PDMS
liquid—vapor interfacial properties, we find that the Smith et
al. potential slightly overestimates the PDMS liquid—vapor
surface tension compared to the experimentally measured surface
tension. The surface tension shows a strong dependence on chain
length, as does the interfacial width.

Using the simulation-measured surface tensions of PDMS and
SPC/E water, excellent agreement with experiment is obtained
for the surface tension of the PDMS—water interface as well
as the contact angle. This agreement persists across multiple
geometries and multiple calculation methodologies. Diffusion
constants for low concentrations of water molecules show
reasonable agreement with experimental results. Aggregation
of water molecules has been observed at higher concentrations,
on the order of 1% by mass. Diffusion constants are observed
to show significant variation as a function of initial location,
and the observed trajectories consist of hops between “caged”
configurations. Orientation effects are measured using backbone
and methyl group order parameters. Strong alignment effects
are observed near both the PDMS—vapor and PDMS—water
interfaces. The magnitudes of the backbone and methyl order
parameters are shown to depend significantly both on temper-
ature and on whether the adjoining phase is PDMS vapor or
liquid water.
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