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ABSTRACT Silane adhesion promoters are commonly used to enhance the adhesion of elastomeric materials to polymers in many
industrial applications. However, it is difficult to study the molecular-level mechanisms underlying adhesion promotion because
adhesion occurs at the boundary between two layers, a buried interface that is difficult to probe with most techniques. Here, a surface/
interface-sensitive optical technique, sum frequency generation vibrational spectroscopy, was used to probe the buried interfaces
between the silicone elastomer and (3-glycidoxypropyl)trimethoxysilane (γ-GPS) as well as a known silane adhesion-promoting mixture
of γ-GPS and methylvinylsiloxane (MVS). The γ-GPS methoxy groups were found to order at the silicone interface both in the neat
silane and in the mixture with MVS. The interfacial structures between the silicone elastomer and two other silanes not used as adhesion
promoters, n-octadecyltrimethoxysilane (OTMS) and (tridecafluoro-1,1,2,2-tetrahydrooctyl)trimethoxysilane (TDFTMS), and their
mixtures with MVS, were also compared to those of γ-GPS and the γ-GPS/MVS mixture. It was found that these silanes behaved
differently than the known adhesion-promoting mixture. Further, molecular dynamics simulations confirmed that all silanes showed
broad, random orientation distributions at the silicone interface. Because only the known adhesion-promoting mixture of γ-GPS and
MVS exhibited methoxy order at the silicone interface, as well as at the poly(ethylene terephthalate) interface, as shown in a previous
publication, it is inferred that this ordering may be a necessary condition for adhesion promotion.

KEYWORDS: sum frequency generation vibrational spectroscopy • polymer adhesion • polymer interfaces • silicone elastomer •
silane adhesion promoters • molecular dynamics simulations

I. INTRODUCTION

Silicone elastomer adhesives are widely used in many
applications in the electronics, automotive, and avia-
tion fields as a less expensive alternative to mechan-

ical fasteners. In particular, addition-cured silicones are
valuable as adhesives for their high thermal stability, unique
rheological properties, and simple, controllable cure chem-
istry (1-4). However, the addition-curing process leaves
these elastomers without intrinsic functional groups that
allow for easy adhesion to other polymeric materials. Often,
corona or plasma pretreatments are used to alter the surface
of the substrate to improve adhesion, but these are both
expensive and time-consuming in industrial processes.

To avoid the need for pretreatments, adhesion promoters
are often used to improve the adhesion between elastomers

and substrates. Many organosilane adhesion promoters have
been developed to adhere elastomers to a variety of metal,
inorganic, and organic materials. Specifically, alkoxysilane
adhesion promoters have been developed to enhance the
adhesion of elastomers to other polymers. Small amounts
of silane adhesion promoters can be mixed with the silicone
elastomer prior to application to the substrate and cure, or
silane adhesion promoters can be used as an interlayer
between the substrate and elastomer (3, 5-11). It can be
assumed that silane adhesion promoters largely work by
mechanisms at the interface between the substrate and the
elastomer. However, such interfacial mechanisms are ex-
tremely difficult to study. Strong adhesive bonds form buried
interfaces that cannot easily be broken for examination by
surface-sensitive analytical techniques. Further, even if an
adhesive bond could be broken and the two resulting
surfaces could be examined, breaking the interface may
chemically alter the two surfaces and not accurately reflect
the interfacial chemistry of the adhesive bond. Therefore,
to study interfaces involved in adhesion, a technique that
can probe buried interfaces must be employed.
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Sum frequency generation (SFG) vibrational spectroscopy
is a second-order nonlinear optical technique that is sensitive
to surfaces and buried interfaces that are accessible by light
(12-16). SFG can detect the presence, coverage, and orien-
tational ordering of surface or interfacial chemical groups
in situ. SFG has been extensively used to study polymer
surfaces and interfaces, including polymer/air interfaces,
polymer surface restructuring in water, the surface structure
of polymer blends and copolymers, polymer/biomolecule
interfaces, polymer/silane interfaces, and polymer/silicone
elastomer interfaces (17-38).

It has been demonstrated that a silane adhesion-promot-
ing mixture of organosilane and siloxanol can greatly im-
prove the adhesion between addition-cured silicone elas-
tomers and polymer substrates. Specifically, a mixture of (3-
glycidoxypropyl)trimethoxysilane (γ-GPS) and methylvinyl-
siloxane (MVS) has been shown to promote adhesion be-
tween poly(butylene terephthalate) (PBT) and addition-cured
silicone elastomer. Alone, neither γ-GPS nor MVS improves
adhesion. However, when only a very small amount of the
silane adhesion-promoting mixture is incorporated into the
silicone elastomer prior to application to PBT and curing,
adhesion is improved dramatically (10, 11).

SFG has previously been used to study interactions
between the silane adhesion-promoting mixture and poly-
(ethylene terephthalate) (PET), a polymer analogous to PBT.
In SFG studies of PET in contact with γ-GPS and the silane
adhesion-promoting mixture of γ-GPS and MVS, it was found
that the γ-GPS methoxy groups order at the PET/γ-GPS
interface and that the ordering of the γ-GPS methoxy groups
is increased when it is mixed with MVS (18). When com-
pared to two other silanes not used as adhesion promoters
(and their mixtures with MVS), it was found that the other
silanes exhibited different interfacial behavior (37). This
indicated that the increased ordering of the γ-GPS methoxy
groups when mixed with MVS may be a necessary condition
for adhesion promotion. Further, SFG studies of PET/silicone
elastomer interfaces with incorporated γ-GPS or the silane
adhesion-promoting mixture of γ-GPS and MVS were con-
ducted. Two other silanes not used as adhesion promoters
(and their mixtures with MVS) were also used in these
studies for comparison (37). It was found that only the γ-GPS
methoxy groups ordered at the interface when mixed with
MVS in the silane adhesion-promoting mixture both before
and after the silicone was cured. Because the other silanes
(alone or mixed with MVS) did not exhibit this behavior, it
was concluded that the ordering of the γ-GPS methoxy
groups at the PET/silicone elastomer interface both before
and after cure is necessary for adhesion promotion in this
system (37).

While earlier research has focused on the interactions
between the polymer substrate and adhesion promoter,
interactions between the silicone elastomer and adhesion
promoter may also play an important role in the ability of a
silane or silane mixture to enhance adhesion between a
polymeric substrate and a silicone elastomer. This is true
both when the adhesion promoter is incorporated into the

silicone elastomer prior to cure and also when the adhesion
promoter is used as an interlayer between the substrate and
elastomer. In the present study, the interfaces between an
addition-cured silicone elastomer and γ-GPS, as well as the
silane adhesion-promoting mixture of γ-GPS and MVS, were
investigated with SFG. The interfacial structures of two other
silanes not used as adhesion promoters, n-octadecyltri-
methoxysilane and (tridecafluoro-1,1,2,2-tetrahydrooctyl)-
trimethoxysilane, and their mixtures with MVS, were also
investigated at the silicone elastomer interface for compari-
son. Molecular dynamics (MD) simulations were performed
to calculate the orientation of the silane methoxy groups at
the silicone interface to supplement the SFG results. MD
results were used to determine if the silanes exhibited a
narrow or broad orientation distribution at the silicone
interface.

II. EXPERIMENTAL SECTION
1. Materials. A Sylgard 184 silicone elastomer kit, (3-

glycidoxypropyl)trimethoxysilane (γ-GPS) and methylvinylsi-
loxane (MVS), were obtained from Dow Corning Corporation.
The other two silanes, n-octadecyltrimethoxysilane (OTMS) and
(tridecafluoro-1,1,2,2-tetrahydrooctyl)trimethoxysilane (TDFT-
MS), were obtained from Gelest. The Sylgard 184 silicone
elastomer was prepared in a 10:1 (wt/wt) base/curing agent
ratio. The elastomer base and curing agent were mixed vigor-
ously to the point of visual homogeneity and were diluted to a
5 wt % solution in toluene. Thin films of the silicone elastomer
were prepared by spin-casting the diluted solution onto fused
silica windows purchased from ESCO Products (1 in. diameter
and 1/8 in. thickness) using a spin coater from Specialty Coating
Systems. The silicone elastomer thin films were cured at 150
°C for 1 h prior to analysis. The silanes were used as received.
When the silanes were mixed with MVS, the following solutions
were prepared: 1:1 (wt/wt) γ-GPS/MVS, 1:1 (w/w) OTMS/MVS,
and 2:1 (wt/wt) TDFTMS/MVS. The solutions were mixed to the
point of visual homogeneity. To compare the signal of the
epoxy-functionalized silane γ-GPS to that of a different sample
with epoxy groups, a thin film of 1,4-butanediol diglycidyl ether
(BDDGE) was spin-cast from a 1 wt % solution in chloroform
onto a fused silica window for SFG analysis. The structures of
the silicone [poly(dimethylsiloxane) (PDMS)], silanes, MVS, and
BDDGE are shown in Figure 1.

2. SFG Experiments. SFG theory has been well-developed
and reported in the literature (12-16). Further, the experimen-

FIGURE 1. Structures of the silicone elastomer, silanes, MVS, and
BDDGE.
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tal geometry used in these experiments has been detailed in
previous publications (18, 20, 22-24). Briefly, a fixed-frequency
visible beam and a frequency-tunable IR beam are overlapped
spatially and temporally at the polymer/liquid interface at 60°
and 54°, respectively, with a beam diameter of approximately
500 µm. The visible and IR energies are approximately 100 and
200 µJ, respectively. Previous results have shown that the SFG
signal is dominated by the signal from the polymer/liquid
interface rather than that from the polymer bulk or the polymer/
substrate interface (18, 22, 23). In the current investigation, all
spectra were obtained in the ssp (s-polarized SFG signal, s-
polarized visible light, and p-polarized IR light) polarization
combination. Other polarization combinations did not yield a
discernible signal.

3. MD Simulations. MD simulations were carried out using
Materials Studio 4.3 (Accelyrs, Inc.), using the Amorphous Cell
(AC) and Forcite modules. NVT MD simulations were run at 298
K using the Anderson thermostat. The COMPASS force field, a
class II force field optimized for condensed-phase simulations,
was used for all calculations (39). The AC module was used to
simulate a 17-monomer chain of vinyl-terminated PDMS with
periodic boundaries. The AC module was also used to make
periodic cells of 16 molecules of γ-GPS, a 1:1 γ-GPS/MVS (8
molecules of γ-GPS and 8 molecules of MVS) mixture, OTMS,
and TDFTMS. All periodic cells had a cutoff size of 12.5 Å. Each
cell was equilibrated in the following manner. An initial geo-
metric optimization was performed using the conjugate gradient
method with a root-mean-square (rms) atomic force cutoff of
0.1 kcal/mol · Å, followed by 50 ps NVT MD at 298 K with a 1
fs time step using the Velocity Verlet algorithm and the COM-
PASS force field. The 50 ps simulation time was sufficient for
the potential energy to equilibrate, consistent with other re-
ported polymer simulations of this nature (40). Longer simula-
tions were run with similar results for some of the silanes and
some of the silicone/silane interfaces (not shown). The cells
were then subjected to a second geometric optimization using
the conjugate gradient method with an rms atomic force cutoff
of 0.01 kcal/mol · Å (40, 41). Interfaces were simulated using
the Layer Builder Tool to create two-dimensional periodic
systems. The interfaces were equilibrated in the same manner
as that described above.

The equilibrium orientation angle distribution of the silane
methoxy groups was calculated for each silane studied. The
coordinates of a single final trajectory frame were analyzed from
five different simulations for each system studied. The final
results from the multiple simulations of each system (using
different initial random seed values) were consistent across all
similar trajectories. The angle distributions of the individual CH3

groups of the silane trimethoxy groups were calculated with
respect to the surface normal of the plane of the silicone/silane
(or silane mixture) interface. A correction factor was included
to remove the bias resulting from variations in the solid angle
(42).

III. RESULTS AND DISCUSSION
1. SFG Studies of the Silicone Elastomer in

Contact with Neat γ-GPS and the γ-GPS/MVS
Mixture. SFG spectra were taken of cured silicone elas-
tomers in contact with neat silanes and the silane mixtures
with MVS. Spectra were obtained immediately upon contact
between the silicone elastomer and silane (or silane mix-
ture). The laser was then blocked for 15 min to allow the
system to equilibrate, and a spectrum was obtained again.
This procedure was repeated every 15 min for a total of 60
min (not shown). No spectral changes were observed after

30 min for any of the systems studied, so only spectra taken
within 30 min are reported.

SFG spectra of cured silicone elastomers in contact with
γ-GPS and the γ-GPS/MVS mixture over 30 min are shown
in Figure 2. In the spectra of silicone in contact with γ-GPS,
a peak was observed at 2840 cm-1, which was stable over
30 min. This peak is characteristic of the γ-GPS methoxy
symmetric stretch (18). The stable intensity indicates that
the interface between silicone and γ-GPS was stable with
time. The silane signal was only obtained from the ssp
polarization combination, meaning that the γ-GPS methoxy
groups were most likely ordered at the silicone interface with
a broad interfacial orientation distribution. This interpreta-
tion agrees with the MD simulation results, which indicated
a broad angle distribution, as will be discussed below. Also,
a stable silicone signal was observed. A larger peak at 2960
cm-1 and a smaller peak at 2910 cm-1 were attributed to
the PDMS asymmetric and symmetric methyl stretches,
respectively (25). This shows that the silicone methyl groups
were ordered at the silicone/γ-GPS interface.

SFG spectra of silicone in contact with the 1:1 γ-GPS/MVS
mixture are also seen in Figure 2. Here, a stable peak at 2840
cm-1 from the γ-GPS methoxy symmetric stretch was also

FIGURE 2. (a) SFG spectra of silicone in contact with γ-GPS at the
initial contact (circles), 15 min after contact (squares), and 30 min
after contact (triangles). (b) SFG spectra of silicone in contact with
the γ-GPS/MVS mixture at the initial contact (circles), 15 min after
contact (squares), and 30 min after contact (triangles). Spectra are
offset.
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detected. Like neat γ-GPS, the γ-GPS methoxy groups or-
dered at the interface, most likely with a broad orientation
distribution, as confirmed by MD simulation results. How-
ever, the silane signal was slightly weaker than that from
the interface between silicone and neat γ-GPS. This contrasts
with the silane signal from the interface between PET and
γ-GPS and the 1:1 γ-GPS/MVS mixture. We believe that the
different SFG signal intensities are not due to the refractive
index differences because neat γ-GPS and the γ-GPS/MVS
mixture have very similar refractive indices. Such signal
differences must be caused by varied interfacial structures
and coverages. At the PET interface, the signal from γ-GPS
was stronger when mixed with MVS, indicating that MVS
acted to order γ-GPS at that interface (18, 37). At the silicone
elastomer interface, MVS may have acted to slightly disorder
the γ-GPS methoxy groups, which would result in a decrease
in the signal. Another possible explanation is that MVS
preferentially interacted with silicone and therefore diluted
γ-GPS at the interface. Because SFG is sensitive to the
interfacial number density, this dilution effect would lower
the SFG signal. Additionally, a stable peak at 2960 cm-1 with
a shoulder at 2910 cm-1 was attributed to the silicone
elastomer, possibly with some contribution from MVS (37).
The silicone signal at the γ-GPS/MVS mixture interface was
similar to that at the neat γ-GPS interface, indicating that the
silicone methyl groups adopted a similar interfacial orien-
tation.

It is important to note that other functional groups that
could be involved with adhesion promotion were present in
this system, namely, the epoxy groups from γ-GPS and the
vinyl groups from MVS. Because both groups could partici-
pate in the silicone cross-linking, it may be expected for
these groups to order at the silicone interface. However, no
discernible signal from either the epoxy groups or the vinyl
groups was observed. The lack of a vinyl signal may be due
to two different factors. First, the vinyl signal from MVS may
have been present but may not have been discernible from
the silicone signal. Another possibility is that because the
silicone elastomer was cured prior to contact with the silane
mixture, the MVS vinyl groups may not be attracted to the
cross-linked silicone surface. The groups therefore would not
preferentially order at the interface, and no SFG signal would
be observed.

The lack of a epoxy signal from the γ-GPS silane may also
be due to a variety of factors. For comparison, Figure 3
shows an SFG spectrum of a thin film of BDDGE, an epoxy-
containing compound. In this spectrum, among other C-H
stretches, the C-H stretching mode of the epoxy ring is seen
at 3000 cm-1 (43). Here, because the spin-cast BDDGE thin
film has an ordered surface, the epoxy ring C-H stretch is
visible in the SFG spectrum, showing that it is possible to
obtain a SFG epoxy ring C-H signal in the C-H stretching
region. However, this epoxy signal was not observed at the
buried interface between the silicone elastomer and γ-GPS
(or the γ-GPS/MVS mixture). Therefore, the epoxy rings were
either not present at the interface, or they were present but
not ordered at the interface. Because it was observed that

the γ-GPS methoxy groups were ordered at the interface
with a broad angular distribution, it is most likely that the
γ-GPS epoxy groups were not well-ordered at the interface.
The interface between the silicone elastomer and γ-GPS is
therefore dominated by the more ordered γ-GPS methoxy
groups. As described above, it is possible that the γ-GPS
epoxy groups did not strongly order at the silicone interface
because silicone was cross-linked prior to contact with silane
(or the silane mixture).

In summary, SFG spectra of silicone elastomer in contact
with γ-GPS and the γ-GPS/MVS mixture showed that a stable
interface was formed with the γ-GPS methoxy groups or-
dered at the interface. Because only ssp signal was obtained,
it was inferred that the interfacial methoxy groups most
likely had a broad orientation distribution. This was con-
firmed by MD simulations, which will be discussed below.
Further, no evidence of the γ-GPS epoxy groups ordering at
the interface was observed. The γ-GPS methoxy signal was
slightly weaker when mixed with MVS. This decrease in the
SFG signal may have been because MVS acted to disorder
γ-GPS at the silicone interface. The lower signal may also
have been due to dilution effects. MVS may have preferen-
tially interacted with the silicone surface, dominating the
interface and therefore lowering the γ-GPS signal. Unfortu-
nately, SFG cannot be used to distinguish between these two
possibilities.

2. SFG Studies of the Silicone Elastomer in
Contact with Neat OTMS and the OTMS/MVS
Mixture. As discussed previously, the γ-GPS/MVS mixture
is a known silane adhesion-promoting mixture for silicone
elastomer adhesion to PBT and PET. To understand why this
is such an effective adhesion promoter, it is important to
understand how MVS affects the interfacial behavior of
γ-GPS, as was discussed above. It is also necessary to
compare the known silane adhesion-promoting mixture to
other silanes that do not act as adhesion promoters, as well
as their mixtures with MVS, to determine if the interfacial
behavior of γ-GPS and the γ-GPS/MVS mixture is unique to
the adhesion-promoting mixture or if it is universal to all
silanes. Here, two other trimethoxysilanes with different

FIGURE 3. SFG spectrum of BDDGE.
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backbones were investigated for comparison. OTMS has a
methylene backbone, while TDFTMS has a fluoroalkyl
backbone.

SFG spectra of the silicone elastomer in contact with
OTMS and the OTMS/MVS mixture are shown in Figure 4.
For silicone in contact with OTMS, the weak stable signal at
2840 cm-1 was attributed to the OTMS methoxy symmetric
stretch. The weak signal only in the ssp polarization com-
bination indicated that the OTMS methoxy groups were
present at the interface but were weakly ordered. The broad
orientation distribution of the OTMS methoxy groups was
confirmed by MD simulations, as shown below. Also, the
stable SFG signal at 2960 cm-1 was attributed to the silicone
elastomer. The silane signal from OTMS was weaker in
intensity than that from γ-GPS seen in Figure 2. This may
be because OTMS was less ordered at the silicone interface
than γ-GPS. Specific interactions between the silicone sur-
face and γ-GPS may have caused γ-GPS to exhibit stronger
order.

SFG spectra of the silicone elastomer in contact with the
OTMS/MVS mixture, seen in Figure 4, showed no indication
of the OTMS methoxy groups ordering at the silicone
interface, as evidenced by the lack of a signal at 2840 cm-1.
There were, however, stable signals at 2910 and 2960 cm-1,

attributed to the silicone elastomer and/or MVS. The lack of
a signal from the OTMS methoxy groups may have been due
to two different reasons. First, MVS may have acted to
disorder OTMS at the silicone interface. If MVS caused OTMS
to become disordered at the silicone interface, the signal
would be lost. Second, MVS may have preferentially inter-
acted with silicone. If MVS had significantly stronger interac-
tions with silicone than OTMS, in the mixture, MVS may
cover the silicone interface and block OTMS from reaching
the interface. This would cause the OTMS signal to be lost.
Again, because no specific signal from MVS can be distin-
guished, SFG cannot be used to differentiate between these
two possibilities.

SFG spectra of silicone in contact with OTMS and the
OTMS/MVS mixture were quite different from those of
silicone in contact with γ-GPS and the γ-GPS/MVS mixture.
The OTMS methoxy groups were less ordered at the silicone
interface than those of γ-GPS. Therefore, interactions be-
tween silicone and γ-GPS may have been stronger than
interactions between silicone and OTMS. At the interface
between silicone and the γ-GPS/MVS mixture, the γ-GPS
methoxy groups remained ordered even when mixed with
MVS, while there was no evidence of the OTMS methoxy
groups ordering at the interface between silicone and the
OTMS/MVS mixture. As discussed above, this may have
been because MVS disordered OTMS or because MVS diluted
OTMS at the interface. It is important to note that MVS is
necessary for adhesion promotion because the vinyl groups
can participate in the cross-linking of the silicone elastomer.
Therefore, if a neat silane adopts a specific necessary
orientation at the silicone interface, it must maintain that
orientation when mixed with MVS to be able to behave as
an adhesion promoter. Because γ-GPS remained ordered in
the known silane adhesion-promoting mixture of γ-GPS and
MVS while OTMS did not remain ordered when mixed with
MVS, the ability of the γ-GPS methoxy groups to remain
ordered at the silicone interface when mixed with MVS may
be a necessary condition for the mixture to act as an
adhesion promoter.

3. SFG Studies of Silicone Elastomer in
Contact with Neat TDFTMS and the TDFTMS/
MVS Mixture. SFG spectra of silicone in contact with neat
TDFTMS and the TDFTMS/MVS mixture are shown in Figure
5. SFG spectra of the silicone elastomer in contact with
TDFTMS showed a signal at 2840 cm-1 from the TDFTMS
methoxy groups. The peak was observed immediately upon
contact between silicone and silane. The peak intensity
decreased after 15 min and then remained stable. The
decrease in the peak intensity may have been due to
different mechanisms. First, the decrease in the signal may
have been because the interface equilibrated more slowly
than the other two silane systems. Over 15 min, the system
may have equilibrated, causing the TDFTMS methoxy groups
to slightly disorder/reorient at the interface. A second ex-
planation is that there may have been a slow diffusion of
TDFTMS into the silicone elastomer. As TDFTMS diffused
into silicone, the interface would have become less ordered

FIGURE 4. (a) SFG spectra of silicone in contact with OTMS at the
initial contact (circles), 15 min after contact (squares), and 30 min
after contact (triangles). (b) SFG spectra of silicone in contact with
the OTMS/MVS mixture at the initial contact (circles), 15 min after
contact (squares), and 30 min after contact (triangles). Spectra are
offset.
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and the silane signal would have decreased. Also of note,
unlike the other silanes, there was no signal from the silicone

elastomer at the interface between silicone and TDFTMS.
This indicates that the silicone methyl groups lay down at
this interface due to interactions with the fluorinated silane.

SFG spectra of silicone in contact with the TDFTMS/
MVS mixture, also in Figure 5, showed no discernible signal
from either TDFTMS or the silicone elastomer. The lack of a
silicone elastomer signal indicates that the silicone methyl
groups lay down at the interface, as they did at the interface
with neat TDFTMS. The lack of a TDFTMS signal may have
been due to a variety of factors. First, like OTMS, MVS may
have acted to disorder TDFTMS at the silicone elastomer
interface. This would cause the SFG signal to disappear. Also,
like OTMS, MVS may have preferentially interacted with the
silicone elastomer, causing it to cover the interface. How-
ever, because no signal that could be attributed to MVS was
observed, this is less likely. A third explanation is that MVS
facilitated the diffusion of TDFTMS into the silicone elas-
tomer, which would further disorder the interface, causing
a loss in the signal.

The interfaces between silicone and TDFTMS and
between silicone and the TDFTMS/MVS mixture exhibited
behavior different from those with γ-GPS and the γ-GPS/
MVS mixture and with OTMS and the OTMS/MVS mixture.
Unlike the other interfaces, the silicone methyl groups
appeared to lay down when contacted to the fluorinated
silane and its mixture with MVS. Further, the interface
between silicone and TDFTMS showed evidence of either
a slow interfacial silane reorientation or slow diffusion of
silane into silicone. Like the OTMS/MVS mixture, there
was no evidence of the TDFTMS methoxy groups ordering
at the silicone interface when mixed with MVS. As dis-
cussed earlier, of the systems studied, only the γ-GPS/MVS
mixture acts as an adhesion promoter. Because neither
OTMS nor TDFTMS ordered at the silicone interface when
mixed with MVS, this is further verification that the ability

FIGURE 6. Silane methoxy angle distribution at the silicone interface as calculated from MD simulations for (a) γ-GPS, (b) γ-GPS in the γ-GPS/
MVS mixture, (c) OTMS, and (d) TDFTMS.

FIGURE 5. (a) SFG spectra of silicone in contact with TDFTMS at the
initial contact (circles), 15 min after contact (squares), and 30 min
after contact (triangles). (b) SFG spectra of silicone in contact with
the TDFTMS/MVS mixture at the initial contact (circles), 15 min after
contact (squares), and 30 min after contact (triangles). Spectra are
offset.
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of the γ-GPS methoxy groups to maintain order at the
silicone interface when mixed with MVS may be a neces-
sary prerequisite condition for the γ-GPS/MVS mixture to
act as an adhesion promoter in polymer/silicone elas-
tomer systems. Perhaps the silane adhesion-promoting
mixture needs to be oriented in this way to participate in
an adhesion mechanism, such as chemical bonding or the
formation of an interpenetrating network. Such mecha-
nisms are currently being investigated and will be re-
ported in a future publication.

4. MD Simulation Studies of Silicone in
Contact with Silanes and Silane Mixtures. Histo-
grams of the calculated silane methoxy orientation dis-
tributions for γ-GPS, γ-GPS in the γ-GPS/MVS mixture,
OTMS, and TDFTMS at the silicone interface, incorporat-
ing the correction for variation in a solid angle, are shown
in Figure 6. As can be seen, the methoxy groups of all silanes
exhibited broad, random orientation distributions in our
simulations. This indicates that none of the silanes’ methoxy
groups exhibited strong, specific interactions with silicone
that would lead to a narrow orientation distribution. The
broad angle distributions calculated from the MD results
confirmed inferences from the SFG spectra that the silane
methoxy groups exhibited broad methoxy angle distribu-
tions at the silicone interface, although it did not account for
the ordering of the silane methoxy groups inferred from SFG
experiments. This may be due to the difference in time
scales probed: 50 ps for the MD simulations versus 30 min
in the case of our SFG experiments. That is, it is possible that
ordering of the silane methoxy groups at the silicone inter-
face simply occurred on a longer time scale than could be
studied with MD simulations.

IV. CONCLUSIONS
The surface- and interface-sensitive nonlinear optical

technique SFG was used to study the molecular structures
of the interfaces between silicone elastomers and silanes,
as well as their mixtures with MVS. The silane γ-GPS and
the known adhesion-promoting mixture of γ-GPS and MVS
were compared to two other silanes not used as adhesion
promoters, OTMS and TDFTMS, and their mixtures with
MVS. It was found that all neat silanes exhibited ordering
of the methoxy groups at the silicone elastomer interface.
However, only the γ-GPS methoxy groups remained
ordered at the silicone interface when mixed with MVS.
As previously discussed, MVS is necessary in an adhesion-
promoting mixture because the MVS vinyl groups partici-
pate in the silicone cross-linking. Therefore, if a neat silane
adopts a necessary orientation for adhesion at the silicone
interface, it must also adopt that orientation when mixed
with MVS to act as an effective adhesion promoter.
Because only the known adhesion promoter maintained
interfacial order when mixed with MVS, the ability of
silane to order at the silicone interface in addition to its
ability to order at the PET substrate interface may be a
prerequisite condition for the mixture to promote adhe-
sion at polymer/silicone elastomer interfaces. It is possible

that the silane’s interfacial conformation is necessary for
it to participate in an adhesion mechanism, as is currently
being studied. Further, MD simulations were used to
confirm that the silane methoxy groups exhibited broad
orientation angle distributions at the silicone elastomer
interface.
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