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’ INTRODUCTION

Polymeric materials of poly(dimethylsiloxane) (PDMS) offer
adaptable properties such as flexibility or rigidity and thermal and
electrical dielectric strength based on the degree of polymeriza-
tion and on the cross-linking density. Applications range from
sensor technology1 and biomedical devices2 to materials used for
microfluidic channels.3,4 The focus of this study is on PDMS-
based materials that are designed with high dielectric strength as
insulators for high-voltage cables.5 Because these insulating
materials are exposed to weather, they must have a surface that
is hydrophobic so as to not accumulate polar molecules. Ex-
cessive electric fields can cause failure of the insulation properties
through oxidization6�8 and molecular rearrangement.9 The sur-
face of the insulator then becomes hydrophilic, causing water and
other molecules to collect.10 This, in turn, results in leakage
currents and a material that is degraded or destroyed.6,8,11,12 Self-
recovery of the hydrophobic surface usually occurs over a period
of hours to days13 and is based on either diffusion of small mole-
cules to the surface11,14 and/or surface dipole rearrangement.12

Material integrity could be significantly improved if this recovery
could be accelerated.

Based on PDMS, a rigid amorphous polymer blend is regularly
used for industrial applications as high-voltage insulation materi-
als. This material is a mixture of large and small polymeric chains
based on a siloxane backbone,15 and it is similar to the commer-
cial product Sylgard-184 (Dow Corning). Small crosslinker
molecules are added to a system with much longer chains, and
a chemical reaction is induced to connect these two molecular
groups. The result is at least a doubling of the degree of

polymerization of the larger molecules, achieving the desired
rigidity of the material.

In a recent paper,16 we studied the dynamics of an amorphous
bulk material made of PDMS molecules with full periodicity and
found that both the local packing of the material as well as an
attractive electrostatic environment were critical factors for short
periods (<500 ps) of enhanced molecular motion of smaller
molecules. To improve our understanding of the diffusion and
polarization at the surface, the present study investigates the
structure and dynamics of a similar material with exposure to a
vacuum. In addition to exhibiting high dielectric strength,
materials for high-voltage insulation are required to be hydro-
phobic at the surface.We find that fast molecular motion is highly
dependent on the proximity of the molecule to surface, an
expected result that is important for understanding the hydro-
phobic self-recovery of this material. After equilibration, the
surface was found to have a net polarization based on the
molecular rearrangement of methyl groups, a result that is
important for understanding the surface hydrophobicity.

Oxidative events damage surface hydrophobicity, and the
carbon atoms at cross-linking sites have been proposed as
oxidation sites.6,8 The presence of charged groups at the surface
would be one reason for the impaired hydrophobicity, and
therefore, we studied the stability and dynamics of oxidized,
negatively charged crosslinker molecules. Charged groups were
found to rapidly diffuse inward rather than remain exposed at the
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ABSTRACT: Amorphous siloxane polymers are the backbone
of high-voltage insulation materials. The natural hydrophobicity
of their surface is a necessary property for avoiding leakage
currents and dielectric breakdown. As these surfaces are ex-
posed to the environment, electrical discharges or strong me-
chanical impact can temporarily destroy their water-repellent
properties. After such events, however, a self-healing process
sets in and restores the original hydrophobicity within some
hours. In the present study, we investigate possible mechanisms
of this restoration process. Using large-scale, all-atom molecular dynamics simulations, we show that molecules on the material
surface have augmentedmotion that allows them to rearrange with a net polarization. The overall surface region has a net orientation
that contributes to hydrophobicity, and charged groups that are placed at the surface migrate inward, away from the vacuum
interface and into the bulk-like region. Our simulations provide insight into the mechanisms for hydrophobic self-recovery that
repair material strength and functionality and suggest material compositions for future high-voltage insulators.
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surface. Overall, these findings help to explain current material
properties and to suggest design choices for future materials with
desired properties.

’METHODS

Model System. Figure 1 shows a cross section of the surface
system; the nonperiodic direction includes the vacuum buffer on
the horizontal axis. Throughout this article, we will use the
Cartesian z coordinate as the nonperiodic direction. Overall, the
material was ∼22 nm across, with regions of reduced density at
the interface to the vacuum. The periodic x and y directions had
a box length of 23.3 nm. The larger molecular type, poly-
dimethylsiloxane (PDMS), had a degree of polymerization
(DP) of 978 with vinyl (�CHdCH2) termination. Sixty-seven
of these molecules were used, and the molar mass of each was
∼72 500 g/mol. Crosslinker molecules were based on poly-
methylhydrosiloxane (PMHS) with trimethyl (�(CH3)3) ter-
mination, and 132 of these molecules were included. These
molecules were much smaller, with DP = 32 and a molar mass of
∼1960 g/mol. Representative molecules are shown in Figure 1
for size comparison. The total number of atoms in the systemwas
687 147, which was 67% of the bulk system studied previously.16

The system can be considered a precursor to a cross-linked
system; no reaction was considered because of the increased
rigidity and decreased dynamics of the material. It is the purpose
of this study to investigate the diffusion of these smaller cross-
linker molecules as part of the matrix of the larger, more rigid,
PDMS molecules, in the context of the surface system.
Force Field. A force field based on an all-atom classical

potential was implemented with LAMMPS code17,18 on the
IBMBlueGene (BG) supercomputer family.19 On two dedicated
racks of BG/L (11.2 TFLOPS peak), we were able to obtain 4 ns
of simulation time per 24 h period, with near-ideal scaling with
respect to computational resources. On the basis of the quantum
chemical calculations for PDMS materials by Smith et al.,20 we
have used either harmonic or Class II bonding terms.21,22 A
modification to the Class II potential was implemented because
of the discontinuity of the energy at the linearization point of
the Si�O�Si bond, an approach reported elsewhere9,20 and
described in more detail in ref 16. An integration time step of
2.0 fs and a temperature of 300 K, including a Langevin thermo-
stat with dampening every 10.0 ps, were used for all simulations.

All covalent bonds involving hydrogen were constrained using
the SHAKE algorithm.23 For Lennard-Jones nonbonded inter-
actions, the 1/r6 + 1/r12 potential was used and modified to fit
the Buckingham potential implemented elsewhere.20 For Cou-
lombic nonbonded interactions, a standard 1/r relationship was
used. Both nonbonded interactions were cut off at 10.0 Å, not
computed for 1�2 and 1�3 atom pairs, and reduced by half for
1�4 atom pairs. Partial atomic charges were based on ref 20, with
the following modifications: terminal vinyl carbon atoms were
assigned a charge of �0.205e, and on the crosslinker molecules,
the nonterminal Si and backbone H atoms had charges of
+0.804e and �0.198e, respectively. Each molecule was neutral
in charge, as was the overall system. The only exception was the
case of the simulations with negatively charged molecules
described later.
Generation of the Amorphous Surface System. To gen-

erate an amorphous structure, we softened the intermolecular
potentials to allow accelerated mixing. After mixing, the chemi-
cally precise potentials were gradually reintroduced, and the
system was fully equilibrated for more than 20 ns. Full details are
described in ref 16.
To create a surface system with vacuum boundaries, several

steps were necessary. Molecules whose centers of mass were
found in the outermost 1/6 of the bulk simulation box were
removed. Next, the size of the simulation box that was intended
to be the nonperiodic direction (z) was increased to include the
unwrapped molecules in that direction. Then, the system was
equilibrated at 300 K.
To confirm that the surface was equilibrated properly, we

calculated various surface properties. On the basis of the work by
Wollschl€ager et al.,24 surface morphology analysis was character-
ized by the height�height correlation, defined as

HðrÞ ¼ Æ½hðr0 þ rÞ � hðr0Þ�2æ ð1Þ
The results of this analysis, shown in Figure 2, indicate that the
surface structure can be considered equilibrated after ∼17 ns of
simulation. Additionally, the radial height�height correlation
approaches 0 for short distances, while for larger distances, H(r)
oscillates and approaches 2w2, where w is the rms height (see
Figure 2B). In addition to the height�height correlation, we
calculated the time course of the root-mean-squared (rms)
surface roughness (see inset of Figure 2B). The analysis of such

Figure 1. Simulation cell for the surface system at 300 K. The
amorphous material is comprised of a mixture of large and small
molecules. Representative molecules from the two molecular groups
are labeled as PDMS and Crosslinker.

Figure 2. (A) Height�height correlation of surface roughness for the
first 25 ns of simulation on the upper surface. At the start of the
trajectory, the surface equilibration occurs and is completed by∼17 ns.
(B) Behavior ofH(r) for a single time step (t = 25 ns) for the upper (blue
color) and lower (red color) surface. The inset shows the average rms
roughness for both surfaces as a function of time.
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quantities allowed us to validate the equilibration of the trajec-
tories, assessing the reliability of the surface models employed in
the diffusivity measurements and in the charge migration calcula-
tions. After equilibration, the surface system contained approxi-
mately 8 nm of vacuum buffer.

’RESULTS

Molecules at the Surface Diffuse More. Understanding the
rearrangement of molecules that are exposed to a vacuum is
important because the equilibrium structure at the surface affects
the hydrophobicity, which in turn affects the dielectric strength
of the material. Molecules at the interface with the vacuum layer,
such as the crosslinker molecule shown in Figure 1, have a
reduced number of neighbors because of their partial exposure to
the vacuum. After equilibration of the surface system, increased
diffusion of crosslinker molecules based on their proximity to the
vacuumwas observed. As shown in Figure 3A, the diffusion of the
center of mass in the nonperiodic direction (z) was largest for
molecules on the surface, indicating that they are moving, not
surprisingly, inward and outward more than molecules in the
central regions do. This motion was calculated for each cross-
linker molecule. Crosslinker molecules with increased center of
mass motion were located at the surface and had increased
exposure to the vacuum.
The molecular motion was quantified by squaring the spatial

deviation from the initial coordinates of the equilibrated system
(mean squared displacement, or MSD). From the MSD, the
diffusion coefficient for a trajectory, or diffusivity (D), may be
calculated using the Einstein relation

Æ½rðtÞ � rð0Þ�2æ ¼ 6Dt ð2Þ
where t is the simulation time.25 Crosslinker molecules diffused
considerably faster than the PDMS molecules because of their
smaller size, and crosslinker molecules at the surface contribute
to a large spread of values for theMSD.Molecular motion of both
types of molecules at the vacuum boundary contributed to an
increased diffusion constant, especially due to motion in the

periodic y and z directions. This effect was particularly enhanced
for the crosslinker molecules: because of their smaller size they
were more likely to be more exposed at the interface. The
diffusion coefficients (D) for crosslinker molecules as a function
of their center of mass are shown in Figure 3B. Because of their
large size, PDMS molecules are likely to have some region
exposed to the vacuum. Thus, their diffusion coefficients are
highly dependent on the slab width and box dimensions and are
not shown. For the smaller crosslinker molecules, there is clear
spatial dependence on the MSD: individual molecules near the
vacuum region showed increased diffusivity. Due to the asym-
metric system, there was anisotropic diffusion. The mean diffu-
sivity in the nonperiodic direction (z) was 4.2� 10�9 cm2/s, and
in the periodic directions (x,y) the mean was 1.1 � 10�8 cm2/s.
PDMS molecules had a similar distinction between nonperiodic
and periodic diffusivity: 2.3 � 10�9 and 5.5 � 10�9 cm2/s,
respectively. The proximity to the surface was the determining
factor for the magnitude of self-diffusion of an individual
molecule. The proximity effect contributed to enhanced diffusion
more so than electrostatic causes that had been identified for the
bulk system with uniform density.16

Polarization at the Surface Caused by Molecular Order.
The nonuniform density profile, shown in Figure 4A, identifies
the interface regions on the left and right that are exposed
to the vacuum. These regions have an average density for the en-
tire trajectory that is lower than 88.5% of the mean density in
the bulk-like, central region. The interface regions consisted of
the outermost molecules that, on average, extended∼15 Å from
the center region. To quantify the surface polarization, the partial
atomic charges were considered as a function of their Cartesian
position in the nonperiodic direction (z). The atomic charges for

Figure 3. Center of mass coordinate (ZCOM), shown for the nonper-
iodic box position of crosslinker molecules, indicates molecular proxi-
mity to the surface. (A) The change in this coordinate over a 10 ps time
steps (ΔZCOM) illustrates the increased diffusion of crosslinker mol-
ecules at the surface, in this case in the direction perpendicular to the
surface. (B)Diffusion coefficientsD at 300 K for crosslinker molecules as
a function of their final center of mass position in the surface system.

Figure 4. (A) Mass density as a function of box position. Surface
regions on the left and right of the system have a reduced density because
of themolecular exposure to the vacuum and surface roughness. (B) The
partial atomic charges are integrated over the nonperiodic direction and
averaged over all equilibrated time steps. The left and right interface
regions (ΣQL and ΣQR) are stable with a positive polarization due to
methyl groups pointing outward, a result that is consistent with a
hydrophobic surface.
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atoms in the left and right interface regions were integrated over
all equilibrated time steps. A net polarization was observed as a
function of the box position and based on proximity to the
vacuum, as shown in Figure 4B. The left and right surface regions
had a significant net positive polarization, specifically, ΣQL =
+21.3e and ΣQR = +29.3e, and the compensating negative charge
was distributed over the central region.26 When normalized, the
charge per area on the left and right surface regions was +6.2 �
10�3 and +8.6 � 10�3 C/m2, respectively. The presence of
positively polarized surface regions indicated that the molecules
on the surface underwent reorientation to stabilize their vacuum-
exposed groups and that, in contract to the bulkmaterial, charged
or polar groups would have distinct interactions with the surface.
To understand the polarization at the surface, the structural

orientation of both PDMS and crosslinker molecules was in-
vestigated. The magnitude of the orientation order parameter
(S), defined as

SðzÞ ¼ 1
2
Æ3 cos2 θ� 1æ ð3Þ

where θ is the angle between the vector of molecular orientation
and the unit vector ẑ normal to the surface, was averaged over
the equilibrated trajectory in the nonperiodic direction (z).

The order parameter for backbone groups, SB, is based on the
vector between two silicon atoms separated by two oxygen atoms
(Sii� Sii+2). The order parameter for methyl groups, SM, is based
on the vector between a silicon atom and a methyl group or a
hydrogen in the case of the Si�H bonds on the crosslinker
molecules. Ismail et al. showed that for a smaller, PDMS-based
interface system similar order parameters are nonzero.27 In
particular, they showed that SB and SM are negatively correlated
at the interface because of a positive SM (perpendicular align-
ment) and a negative SB (parallel alignment). Our results for a
larger system with mixed PDMS-based components are in agree-
ment and are shown in Figure 5. The nonrandom order of
molecular groups at the surface provides a structural explanation
for the charge polarization shown in Figure 4B. Specifically, the
nonpolar methyl groups pointed outward,28 a result that is con-
sistent with experiment29 and that suggests the dynamics for
polar and charged groups at the surface.
IonizedGroupsDiffuseAway from the Surface.The surface

was found to consist of exposed methyl groups that contribute to
hydrophobicity, a desired surface orientation. We propose that
the presence and stability of a hydrophobic surface would drive
a charged molecule inward, thus repairing the hydrophobicity.
To test the effect of a hydrophobic surface on the molecular
dynamics, we considered a set of charged crosslinker molecules.
The carbon�carbon bond located at cross-linking sites between
PDMS and crosslinkermolecules was experimentally determined
to be the site for oxidation.6,8 For the set of charged crosslinker
molecules, one terminal methyl group was changed to a carbox-
ylate group (�COO�). The net charges of that terminal group
and of the entire molecule were �1.0e. In addition, a crosslinker
molecule with negative charges on both termini was considered.
Charged crosslinker molecules were added at various proximities
to the surface and with various starting configurations, either
buried or exposed. By adding charge, we investigated whether
individual charged groups were more stable at the surface
boundary or embedded inside the material.
We found that negatively charged groups consistently mi-

grated inward with a higher rate than noncharged molecules. In
addition, the inward motion of charged groups was faster than
the motion of the center of mass diffusion of that particular
molecule. Once equilibrated and away from the surface, charged
groups became stabilized and did not diffuse back to the surface.

Figure 5. Orientation order parameters at a temperature of 300 K, as a
function of box position and scaled by a factor of 1000. The backbone
(top, SB) and methyl (bottom, SM) order parameters are nonzero at the
interface and show a negative correlation, indicating a surface region
with molecular order and a hydrophobic surface.

Figure 6. Chargedmolecules that start at the surface migrate inward so that the charged group is buried in thematerial. (A) A charged group (spheres) is
shown for a representative crosslinker molecule (tubes) at the initial (red) and final (blue) equilibrated position. (B) The center of mass in the
nonperiodic direction (ZCOM) for such a molecule is shown with respect to the initial position. A negative value indicates inward motion, away from the
surface. (C) The distance between the molecule’s center of mass (ZCOM) and the charged group (Zq) is shown for the entire trajectory. The change in
sign, from negative to positive, at the beginning of the trajectory indicates that the charged groupmoved inwardmore than the entiremolecule did during
the equilibration process.
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The energetic stability gained when the charged group was
buried overcame any attractive forces that would hold the charge
group at the surface.
A representative molecule is depicted in Figure 6A, where the

inward migration is shown as initial and equilibrated coordinates
for a crosslinker molecule with a negatively charged group.
During the trajectory, the z-coordinate of the center of mass
for the molecule indicated that diffusion was inward and away
from the surface, as shown in Figure 6B. In addition, the charged
group, which was placed on the surface, moved faster toward
the central region than the entire molecule. This motion is
illustrated in Figure 6C, where the z-coordinate of the charged
group is subtracted from the center of mass of the molecule.
A change of sign in this quantity was observed at around 1 ns
into the trajectory, which indicates that the charged group
moved inward more than the entire molecule. Similar results
were found for other charged groups placed at the surface. For
the migrating charged molecules, the potential energy from
Coulomb interaction was found to be stabilized by approximately
41 ( 8 kcal/mol.
Negatively charged groups at the surface were less stable and

preferred to be buried in the material. The directed diffusion of
charged molecules away from the surface is consistent with the
presence of a stable surface region that is polarized because of the
ordering of the hydrophobic groups that are exposed. After an
oxidative event, the migration of charged molecules away from
the surface suggests a potential mechanism for self-recovery of
the hydrophobic surface.

’CONCLUSION

In summary, we have simulated the molecular dynamics of an
amorphous, polymeric surface system that is of interest as a
material for high-voltage insulation. Because high-voltage in-
sulating cables may experience dielectric breakdown that leads
to leakage currents, the self-recovery of surface hydrophobicity
is an essential property. Molecules on the surface experienced
faster diffusion because they had fewer neighbors, which
allowed an orientation that was not present in the bulk material.
In this way, the surface had a structural configuration that
caused a net polarization due to ordering of the methyl groups.
That is consistent with a hydrophobic surface. The stability of
charged molecules was investigated, and these molecules were
found to be more energetically stable when buried in the “bulk-
like” material rather that at the surface. Because smaller
molecules diffuse faster, their diffusion in the direction perpen-
dicular to the surface as well as their hydrophobicity will
be important factors for the self-recovery of the dielectric
strength of high-voltage insulators. Future materials could thus
include relatively small, nonpolar molecules, which are more
susceptible to oxidation. In the uncharged state, these mole-
cules diffuse to the surface because of their faster diffusion, so
that surface hydrophobicity remains intact. If they are charged,
and especially if they are preferentially oxidized, they would
diffuse away from the surface more rapidly and therefore
contribute to the self-repair mechanism. Such molecules would
contribute to the desired dielectric properties regardless of their
proximity to the surface.
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