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Introduction

Polydimethylsiloxane (PDMS) is a major constituent of silicone
elastomers with excellent mechanical properties, environmen-
tal resistance, insulation, and flexibility.

remarkable properties,

“ Department of Chemistry, University of Michigan, MI 48109, USA.

E-mail: zhanc@umich.edu

b Department of Macromolecular Science and Engineering, University of Michigan,

MI 48109, USA

“The Dow Chemical Company, Midland, MI 48674, USA

9 Department of Biomedical Engineering, University of South Carolina, Columbia,
SC 29208, USA. E-mail: TAOW@mailbox.sc.edu

¢ Department of Chemical Engineering, University of South Carolina, Columbia, SC

29208, USA

Molecular behavior of silicone adhesive at buried
polymer interface studied by molecular dynamics
simulation and sum frequency generation
vibrational spectroscopy

Yuchen Wu,?° Ting Lin,?° Elizabeth Santos,® Dongchan Ahn, €2 ¢ Ryan Marson,®
Pranab Sarker, (2 % Xiaoyun Chen, €2 ¢ Frédéric Gubbels,® Nick E. Shephard,®
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Silicones have excellent material properties and are used extensively in many applications, ranging from
adhesives and lubricants to electrical insulation. To ensure strong adhesion of silicone adhesives to a
wide variety of substrates, silane-based adhesion promotors are typically blended into the silicone
adhesive formulation. However, little is known at the molecular level about the true silane adhesion
promotion mechanism, which limits the ability to develop even more effective adhesion promoters. To
understand the adhesion promotion mechanism of silane molecules at the molecular level, this study
has used sum frequency generation vibrational spectroscopy (SFG) to determine the behavior of
(3-glycidoxypropyltrimethoxy silane (y-GPS) at the buried interface between poly(ethylene
terephthalate) (PET) and a bulk silicone adhesive. To complement and extend the SFG results, atomistic
molecular dynamics (MD) simulations were applied to investigate molecular behavior and interfacial
interaction of y-GPS at the silicone/PET interface. Free energy computations were used to study the
v-GPS interaction in the sample system and determine the y-GPS interfacial segregation mechanism.
Both experiments and simulations consistently show that y-GPS molecules prefer to segregate at the
interface between PET and PDMS. The methoxy groups on y-GPS molecules orient toward the PDMS
polymer phase. The consistent picture of interfacial structure emerging from both simulation and
experiment provides enhanced insight on how y-GPS behaves in the silicone — PET system and illus-
trates why y-GPS could improve the adhesion of silicone adhesive, leading to further understanding of
silicone adhesion mechanisms useful in the design of silicone adhesives with improved performance.

applications ranging from construction and electronics, to
automotive manufacturing.*®*™" Compared with other adhe-
sives, PDMS-based adhesives have significantly higher thermal
stability while retaining flexibility at lower temperatures, lead-
ing to their use in many outdoor applications under extreme
conditions.">"?

Despite its extensive applications, it can be challenging to
use PDMS-based adhesives to adhere to all the possible types of
substrates. For example, some PDMS elastomers may not bond
well to polar thermoplastic substrates like poly(ethylene ter-
ephthalate) unless they are formulated appropriately. To
improve the adhesion performance of PDMS elastomers, addi-
tives such as adhesion promoters (e.g., silane molecules) are
added to the formulation."*"> These silane molecules typically
have head groups and end groups that may react with other
materials. Typically, the head groups of a silane molecule

7 Due to these

is widely used in many

i Electronic supplementary information (ESI) available: Detailed methods used
in simulations, PET crystal formation observed in simulation. See DOI: https://
doi.org/10.1039/d4sm00407h
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consist of three methoxy, ethoxy, or chloride groups. Such head
groups can react with hydroxyl groups at the interface to
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enhance adhesion. Depending on the application requirement,
the silane tail group can be versatile, examples of which include
amine, maleic anhydride, or epoxy groups. Among all the silane
molecules, (3-glycidyloxypropyl)trimethoxysilane (y-GPS) has
been widely used in perhaps the greatest variety of addition
curing silicone adhesive systems to enhance the adhesion to
various substrates.'®>°

We have applied a nonlinear optical spectroscopic techni-
que, sum frequency generation (SFG) vibrational spectroscopy,
to study the molecular behavior of y-GPS at various interfaces
in situ."*> Earlier studies have shown that the methoxy groups
are ordered at the PET/neat y-GPS interface.?"?*> The addition of
hydroxy-terminated dimethyl co-methylvinyl siloxane (DMMVS)
to the y-GPS bulk enhanced the interfacial ordering of y-GPS at
the PET/y-GPS-DMMVS mixture interface.”® When a small
amount of y-GPS is added to PDMS matrix, the y-GPS molecules
can segregate to the PET/PDMS interface with ordered methoxy
groups, while a small amount of DMMVS molecules in the
PDMS matrix can enhance such segregation/ordering.?® It was
found that the interfacial segregation and ordering of methoxy
groups of y-GPS at the PET/PDMS interface is important for
adhesion.'® In addition to SFG, we carried out additional
experiments to measure adhesion at the PET/PDMS adhesive
interfaces,’® and concluded that the strong adhesion between
PET and PDMS is partially caused by the chemical reactions
between the ordered methoxy groups of y-GPS and the PET
hydroxyl end groups at the PET/PDMS interface. Therefore, the
presence, either inherent or induced by interfacial segregation,
and any ordering of the y-GPS methoxy groups at the interface
should occur before curing. After curing, the SFG signal inten-
sity of methoxy groups decreased, because the interfacial y-GPS
methoxy groups were consumed."® Similar conclusions can be
obtained from the studies on PET/PDMS interfaces as well as
nylon/PDMS interfaces.'®"”

While our previous research studied the y-GPS segregation
to the PDMS/PET interface in silicone systems with and without
silica fillers, but the orientation of y-GPS molecule at the
interface is still unknown. The orientation of the y-GPS mole-
cules at the interface may play a critical role in promoting
adhesion, because the molecular orientation could influence
the interfacial chemical reactions. In this study, SFG was
utilized to deduce the absolute orientation of y-GPS molecules
at the PET/PDMS interface. To further interpret SFG results and
provide more fundamental understanding on the mechanism
regarding the molecular behavior of adhesion promoters such
as y-GPS in silicone adhesives, atomistic molecular dynamics
(MD) simulations®>*" were applied to study y-GPS in the PET/
PDMS adhesive system. The diffusion of the y-GPS silane
molecules in the PDMS matrix to the buried PET/PDMS inter-
face was investigated. The potential of mean force (PFM)
profile**** was calculated to probe the interactions between
the adhesion promotor y-GPS and the two contacting bulk
materials, PET and PDMS. With this approach, the reason
why y-GPS molecules segregate to the interface and prefer to
stay at the interface can be addressed. The solvation free
energies®* ™ of the system at different y-GPS methoxy group
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orientations were computed to deduce the preferred absolute
orientation of the methoxy groups at the interface. The results
obtained from computer simulation can be correlated to and
validate those determined from SFG results.

Methods

Sum frequency generation vibrational spectroscopy

SFG is a second-order non-linear optical spectroscopic techni-
que, which can probe various surfaces and buried interfaces
in situ.”>*"*” According to the selection rules of SFG, SFG
signal can only be generated from the surfaces and interfaces
without bulk inversion symmetry,®” ** i.e. the bulk materials
cannot generate resonant SFG signal for most cases. In the SFG
experiment, a fixed frequency visible laser beam and a fre-
quency tunable IR laser beam are spatially and temporally
overlapped at the buried interface of interest. When the IR
frequency matches a resonant vibration frequency of the mole-
cules, the SFG signal can be enhanced. The intensity of the SFG
signals is determined by the orientation, ordering, and inter-
facial coverage of the molecules. SFG is sensitive to the mono-
layer of the molecules at the buried interface, providing unique
molecular information on adhesion.

Sample preparation

In the SFG experiment, silica windows (Altos Photonics, Inc,
Bozeman, MT) were used as substrates. A 100 nm TiO, film
was coated onto each silica window by an electron-beam
evaporator (EvoVac, Angstrom Engineering, USA). Aliphatic
chain-deuterated poly(ethylene terephthalate) (d4-PET, M, =
72000 Da) was purchased from Polymer Source, Inc. (Quebec,
Canada), and used to prepare a 1.5 wt% solution in 2-
chlorophenol. Then a d4-PET film was made by dripping the
d4-PET solution onto the window and spin-coating at 2000 rpm
by a spin-coater from Specialty Coating Systems P-6000 (Speed-
line Technologies). The d4-PET coated silica window was placed
on a hot plate at 90 °C for 2 h in air to ensure that all the solvent
was evaporated. Similar d4-PET films coated on silica windows
without deposited TiO, film were also prepared using the same
method. Unless otherwise noted, measurements were per-
formed at ambient conditions in a climate-controlled labora-
tory (typical laboratory conditions 21 + 2 °C and 40 + 5%
relative humidity).

The adhesion promotors y-GPS and 3-aminopropyl tri-
methoxysilane (referred to as amino silane below) were
obtained from Millipore-Sigma, Inc. (St. Louis, MO). Hydroxy-
terminated dimethyl co-methylvinyl siloxane (DMMVS) was
supplied by The Dow Chemical Company, along with siloxane
(PDMS) polymer. The silicone sample used in the experiments
is a two-part platinum-catalyzed addition-cured elastomer. Part
A contains vinyl-terminated PDMS matrix polymer (Vi-PDMS60)
(99.067 wt%) that has M, of about 60 kDa and Karstedt’s
catalyst complex (0.033 wt%). This Karstedt’s catalyst loading
in Part A yields a total Pt level of about 9 ppm (w/w) for curing of
the total formulation when Part A and Part B are mixed ata 1:1

This journal is © The Royal Society of Chemistry 2024
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IR

SFG

VIS

Silane solution or PDMS with silane

Fig. 1 Sample configuration used to collect SFG spectra from the inter-
face between d4-PET and silane or PDMS with 2 wt% silane. SFG spectra
were also collected from the similar interfaces without the TiO, coating on
silica window.

(w/w) ratio. Part B consists of Vi-PDMS60 (91.64 wt%), PDMS
cross-linker (8.268 wt%) that is about 40 mol% randomly
substituted with methylhydridosiloxane units and has M,, of
about 900 Da, and 1-ethylnyl-1-cyclohexanol (Sigma-Aldrich)
(0.092 wt%) as a catalyst inhibitor to permit working time
before thermal curing. All materials were used as received
without further purification. For the PDMS samples with added
silane studied in the SFG experiments, the samples were made
by mixing the amino silane or epoxy silane and the PDMS
polymer, with the concentration of silane in PDMS at 2 wt%.
SFG spectra were collected from the interfaces between d4-PET
and silane or PDMS with 2 wt% silane (see the SFG sample
geometry shown in Fig. 1). The molecular formulas of y-GPS,
amino silane, and DMMVS are shown in Fig. 2a.

Atomistic molecular dynamics simulation and free energy
computation

The atomistic MD simulations were performed in this study,
utilizing the GROMACS software with the CHARMM36 force
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field.***® For simplicity, we only studied uncured PDMS systems.
To investigate the y-GPS distribution at the PDMS/PET interface, a
3-layer system (Fig. 2b) with dimensions of 6 nm x 6 nm x 20 nm
was simulated with periodic boundary conditions (PBC) in the X,
Y, and Z directions. The initial system consists of two PET layers
and a PDMS layer, which includes a silicone matrix (Part A), a
silicone cross-linker (Part B), DMMVS and epoxy silane (y-GPS)
(Fig. 2a). Part A (silicone matrix) has a repeating unit of 30, while
Part B (silicone cross-linker) has a repeating unit of 5. Amino
silane and epoxy silane are the two silanes used in this research.
DMMYVS is an additive used with y-GPS as an adhesion promotor
in the silicone system."®'” The PDMS layer, with a density of
0.97 g cm™*, was randomly packed, and energy minimization was
employed at the start of MD simulations to prevent spatial overlap
of the molecules. The PET layer, with a repeat unit of 12 and a
density of 1.38 g cm®, consisted solely of PET molecules,
randomly packed into the simulation box.

The leapfrog algorithm with a time step of 1.0 fs was
adopted in simulations. The partial charge of the y-GPS used
in the simulation was obtained from CHARMM,>**! while the
partial charges of the Part A, Part B, PET and DMMVS needed
for the MD simulations were obtained following the protocol in
our previous work,”®>* utilizing the restrained ESP (RESP)
framework implemented in Amber software.>® The structures
of y-GPS and DMMVS used for the RESP calculations were
optimized at the density functional theory (DFT) level (see ESIt
for details of DFT optimization and RESP calculations). To
calculate the long-range electrostatic interactions, the particle
mesh Ewald method (PME) was applied in the atomistic MD
simulations. The cutoff distance was set to 1.2 nm. For the
thermostat at 298 K, the inverse friction constant was 1.0 ps.
For an NPT ensemble at constant temperature and pressure,
the method of Parrinello-Rahman was applied to keep the
pressure at 1 bar.

a)
Repeating  Weight
Polyethylene terephthalate (PET) Layers Components  Unit Percent
PDMS v-GPS 1 11.45
OH
ala . DMMVS 1 2.88
m PartA 30 82.28
o 0 Part B 1 3.39
" PET PET 12 100.00
Part A (PDMS matrix) Amino silane Epoxy silane(y-GPS)
\sll o \s|l—/ / /\
=/ /\sll g 4 /(l) 0&/0\/\1\5'/0/
J -
n mi A v
/ Part B (PDMS Cross-linker)
o—sit | o DMMVS
/ 0—St. _si—
LRI e N
HSIT — o> HO=Y,__ / Q ,—OH
'Sl o VR
o—Si
H\

Fig. 2 The chemical structures and the ratios of all components in the PET layer and the PDMS layer in computer simulation. (a) The chemical structure,
repeating unit, and the weight percent of each component in PET and PDMS layers in computer simulation. The structure of amino silane, which was not
included in the simulation but used in SFG experiment, is also displayed. (b) The initial structure of three-layer system. (c) The initial structure of two-layer

system. PBC conditions were applied in X, Y and Z directions in both three-

layer system and two-layer system. The top layer (6 nm x 6 nm x 16 nm) in

Fig. 2(c) comprises PDMS components (Part A, Part B, y-GPS, and DMMVS), with two boxes of vacuum to eliminate its interaction with the image layer of

PET.

This journal is © The Royal Society of Chemistry 2024
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To establish a 3-layer system (Fig. 2b), the PET layer under-
went a heating/annealing protocol in the NVT ensemble (at
constant temperature and volume), gradually reaching 600 K,
which is 100 K above its melting point. During heating (298-
600 K), a 30-ns MD simulation was run every 50 K, followed by a
700 ns MD simulation at 600 K to relax the PET chains. The
cooling process mirrored the heating, with a 30 ns MD simulation
at every 50 K from 600 K to room temperature. This cycle was
repeated twice for further PET layer relaxation. Before combining
the PET/PDMS layers, the annealing process for the PDMS layer
was omitted to prevent y-GPS movement. The construction of the
three-layer system involved placing a PDMS layer between two
identical PET layers. Simulations comprised a 200 ns NVT
ensemble run at room temperature, followed by an NPT ensemble
run of heating/annealing relaxation. No significant changes
occurred during the initial 200 ns MD simulation in the NVT
ensemble. In the NPT process, the temperature gradually
increased from 298.15 K to 500 K, with 30 ns MD simulations
at every 50 K during heating. After reaching 500 K, an 800 ns MD
simulation in the NPT ensemble was performed. The system’s
temperature was then gradually decreased to room temperature
with 30 ns NPT simulations at every 50-degree interval.

To quantify y-GPS interactions with PET and PDMS layers,
the free energy was estimated using both methods of umbrella
sampling®® and alchemical free energy perturbation.***> To
reduce computational load, a two-layer (Fig. 2c) system was
established using a similar heating/annealing protocol as the 3-
layer system. The PMF profile for y-GPS was computed to
examine its interactions with polymer layers, shedding light
on the distribution of y-GPS. Nonequilibrium-steered molecu-
lar dynamics (SMD) simulations®**> and weighted histogram
analysis (WHAM) were used in the computation of PMF** (see
ESIT for details) to approximate the free energy profile of the
interactions between a y-GPS molecule and polymer layers.

The orientation-dependent solvation free energies (AF) for y-
GPS at the PET/PDMS interface were also calculated using FEP
computations with a two-layer system. A y-GPS molecule was
rotated at the PET/PDMS interface, while three randomly
chosen atoms from both the ends and the middle of the
molecule were fixed during the simulation to maintain orienta-
tion stability. The free energy AF was computed as the molecule
rotated (0° to 180°). Before the free energy calculation, the
system’s temperature was increased to 550 K, followed by a 200
ns MD simulation for complete relaxation, and then the tem-
perature was gradually decreased to room temperature. In the
computation of FEP, the two end states of a transformation
with Hamiltonian H; (in polymers: with coupling with the
polymers) and H, (in the vacuum: without coupling with the
polymers) are coupled by a parameter /,

H(\) = ZH, + (1 — 2)H, (1)

The free energy difference AF between both states can be
estimated using discrete values of 4,

AF = J; <01;7/({1)>2di @)
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In this work, we used twenty different discrete values of 4
(see ESIT for details of FEP calculations).

As a justification of the use of the two-layer system, we
compared the interfacial segregation for both three-layer and
two-layer systems at a given orientation. For both cases, we
obtained the similar interfacial segregation, and thus we
adopted two-layer system to calculate free energies at different
orientations to reduce the computational load.

Results and discussion

Orientation study of the silane molecules at the PET/PDMS
interface by SFG

To study the absolute orientation of y-GPS at the PET/PDMS
interface, we carried out SFG experiments. We first studied
PET/silane interfaces without PDMS. Fig. 3a shows the SFG
spectrum collected from the d4-PET/amino silane interface and
the interface between d4-PET (coated on a thin TiO, film on
silica window) and amino silane. At the room temperature,
amino silane is a liquid, thus the spectrum was collected from a
solid/liquid interface. The peak at 2840 cm ™" in Fig. 3a can be
assigned to the symmetric C-H stretching of the methoxy
groups. Here we use this peak to monitor the interfacial
orientation of the silane methoxy groups at the interface. The
thin TiO, film was coated on silica to create a non-resonant SFG
signal to interfere with the SFG methoxy symmetric C-H
stretching signal to determine the relative phase of this stretch-
ing mode vs. the TiO, non-resonant signal. The constructive or
destructive interferences can be deduced from the SFG signal
intensity increase or decrease. With TiO, coating, the intensity
of the methoxy symmetric C-H stretching signal intensity
increased in comparison to that collected without TiO, coating.
This means that the non-resonant signal from TiO, coating has
a constructive interference with the methoxy symmetric C-H
stretching signal at the d4-PET/amino silane interface, showing
that they have the same phase. This result is the same as our
previously published paper.*! Since the hydrogen bond formed
between the NH, groups on amino silane and the oxygen atoms
on PET, the NH, groups point to the PET. Therefore, the
methoxy groups of amino silanes at the d4-PET/amino silane
interface face to the bulk silane. Based on this knowledge, the
amino silane can be used as a reference to deduce the orienta-
tion of the epoxy silane y-GPS. Fig. 3b shows the SFG spectrum
collected from the d4-PET/epoxy silane y-GPS interface and d4-
PET (on TiO, coating on silica)/epoxy silane interface. For the
sample without TiO, coating, the SFG signal from the methoxy
groups at 2840 cm ™~ ' was detected but has a very weak intensity.
We hypothesize this is because the methoxy groups of the epoxy
silane are not very well aligned with preferred orientation at the
PET surface. From the d4-PET (on TiO, coating on silica)/epoxy
silane interface, a distinct negative peak at 2840 cm ' was
observed, showing a “destructive” interference or a different
phase of the non-resonant SFG signal from TiO, coating with
the methoxy symmetric C-H stretching of the epoxy silane.
Therefore, the methoxy groups of epoxy silane adopt a different

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 SFG spectra collected from the PET/silane interfaces and the PET/PDMS (with 2 wt% silane) interfaces. SFG spectra collected from (a) d4-PET/
amino silane interface and TiO,/d4-PET/amino silane interface. (b) d4-PET/epoxy silane (y-GPS) interface and TiO,/d4-PET/epoxy silane (y-GPS)
interface. (c) d4-PET/PDMS (with 2 wt% amino silane) interface and TiO,/d4-PET/PDMS (with 2 wt% amino silane) interface. (d) d4-PET/PDMS (with 2 wt%
epoxy silane (y-GPS)) interface and TiO,/d4-PET/PDMS (with 2 wt% epoxy silane (y-GPS)) interface.

absolute orientation compared to the methoxy groups of the
amino silane at the d4-PET/silane interface. For epoxy silane y-
GPS, the methoxy groups face the PET at the d4-PET interface,
while the epoxy groups face the silane bulk.

Fig. 3c displays the SFG spectrum collected from the d4-PET/
PDMS (with 2 wt% amino silane) interface and d4-PET (on TiO,
coating)/PDMS (with 2 wt% amino silane) interface. For the
sample without TiO, coating, the strong methoxy symmetric C-
H stretching peak can be observed at 2840 cm ', indicating
that the amino silane molecules migrate to the d4-PET/PDMS
interface and are ordered at the interface. With the TiO, coat-
ing, the intensity of the methoxy symmetric C-H stretching
signal intensity slightly increased, indicating its constructive

This journal is © The Royal Society of Chemistry 2024

interference with the TiO, non-resonant signal. This suggests
for amino silane, the methoxy groups face the PDMS side at the
PET/PDMS interface, which may result from the formation of
hydrogen bonds between amino silane NH, groups and the
oxygen atoms of PET at this interface. Fig. 3d shows the SFG
spectrum collected from the d4-PET/PDMS (with 2 wt% epoxy
silane y-GPS) interface and d4-PET (on TiO,)/PDMS (with 2 wt%
epoxy silane) interface. For the uncoated sample, some y-GPS
molecules segregated to the interface and were ordered there
with preferred orientation, so the methoxy symmetric C-H
stretching peak (2840 cm™ ") could be observed at the interface.
With TiO, layer on silica window, the intensity of the methoxy
symmetric C-H stretching signal intensity increased, indicating

Soft Matter, 2024, 20, 4765-4775 | 4769
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its constructive interference with the TiO, non-resonant signal
and that it has the same phase as the TiO, non-resonant signal.
This is consistent with the hypothesis that the methoxy groups
of the epoxy silane y-GPS at the d4-PET interface have the same
absolute orientation as those of amino silanes. Therefore, for
v-GPS, the methoxy groups at the d4-PET/PDMS interface face
the PDMS side, while the epoxy groups face the PET side. This
is the same absolute orientation which we found from our
simulations, which will be presented below.

As mentioned above, the PDMS system studied here is
uncured system. In the past, our SFG results indicate that there
are two requirements for good silicone adhesion to PET: (1)
interfacial segregation of silane methoxy groups at interface
before curing, evidenced by strong SFG methoxy signal; (2)
chemical reaction between silane methoxy groups and
PET hydroxyl end groups during the curing process, shown by
SFG methoxy signal intensity decrease after curing.'® Here we
show that interfacial methoxy groups in the uncured system
face the PDMS side. We believe that during the curing process,
methoxy groups change orientation to face to PET which
enables an interfacial reaction. The cross-linking involved dur-
ing thermal curing is beyond the scope of the current
simulation study.

Atomistic simulations of adhesion promotor in the silicone
adhesive system: three-layer system

We performed atomistic MD simulation and free energy ana-
lyses to better interpret SFG results and provide more insights
into the interfacial interactions of y-GPS. Fig. 4a and b display
the final configuration after the heating/annealing relaxation.
After the initial 300 ns of simulation in the NPT ensemble at
500 K, the y-GPS molecules segregated to the PET/PDMS
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interface and remained there. At the same time, a crystalline
structure gradually formed in the PET bulk and is discussed in
more detail in the ESL.{ After 800 ns, most y-GPS molecules
were segregated to the PET/PDMS interfaces, and it is likely that
they could not move across the PET bulk. The density of PET,
PDMS and y-GPS in the last configuration of the three-layer
system is shown in Fig. 4c, which demonstrated that the y-GPS
molecules were segregated at the interface after the system was
equilibrated. A small number of y-GPS molecules remained or
were trapped in the PET and PDMS layers, after the system was
gradually cooled down to room temperature. To verify the
reproducibility and reliability of the result, two additional
atomistic MD simulations with different random seeds were
conducted. Both used the same NPT simulations discussed
above and went through the heating/annealing processes. Dur-
ing these processes, the segregation of the y-GPS molecules to
the PET/PDMS interfaces and the formation of the crystalline
structures in the PET bulk were observed, which is the same as
the results presented above. Such results support the SFG
results that y-GPS molecules prefer to segregate to the PET/
PDMS and remain there.

To study how temperature affects the results and whether a
correct temperature (500 K) in the heating/annealing process
was chosen, the same system using the same NPT ensemble
was also calculated to compare different temperatures: 450 K
and 500 K. We believe that both temperatures are very close to
the actual temperature in our previously published paper. Both
temperatures are between the glass transition temperature T,
(350 K) and the melting temperature T, (533.1 K) of PET. In the
450 K system, y-GPS molecules were observed to gradually
segregate to the interface and remain there after equilibrium,
which is similar to the results of the 500 K MD simulation. The
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Fig. 4 Segregation of adhesion promoter y-GPS in silicone to the interface studied by atomistic MD simulations of the three-layer system with the PBC
condition in X, Y and Z directions: (a) the final snapshot of the three-layer system after equilibrium; (b) the final snapshot of the three-layer system after
equilibrium (only the y-GPS molecules are shown in detail. The red, blue, yellow, and white balls indicate oxygen, carbon, silicon, and hydrogen atoms);

(c) the density of PET, PDMS and y-GPS in the sandwich structure system.
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only difference is that the 450 K system requires more time to
reach equilibrium.

Potential of mean force profile. To further understand the
interactions of y-GPS molecules with PDMS and PET polymers
and their interfacial segregation behavior, the umbrella sam-
pling method was used to calculate the PMF of a y-GPS
molecule in the two-layer system (Fig. 5). Before the PMF
computations using umbrella sampling,”® the density of the
equilibrated two-layer system at the room temperature was
calculated to determine the interface area of PET/PDMS poly-
mer layers (Fig. 5¢). As shown in Fig. 5b, the PMF of y-GPS is the
lowest at the PET/PDMS interface (Z ~ 7.7 nm). The PMF
analyses are consistent with the MD simulations of heating/
annealing relaxation. Both demonstrate the PET/PDMS inter-
face is the energetically most favorable location for y-GPS.

It is interesting to observe that the y-GPS molecule has a
larger PMF in the PET phase than that of the PDMS phase. This
may be due to the lower solubility of v-GPS in PET compared to
PDMS. As shown in Table 1, the large differences in Hildebrand
solubility parameter at 20 °C reported previously'®”” between
v-GPS and PET, and between y-GPS and PDMS, are consistent
with lower solubility of y-GPS in both PET and PDMS.

Orientation-dependent solvation free energy profile. Due to
the intense computational load in atomistic MD simulations
and the large time scale of relaxation in the condensed poly-
meric environment, the small numbers of y-GPS molecules at
the PET/PDMS interfaces in atomistic simulations cannot pro-
vide sufficient statistics to determine the orientation distribu-
tion of y-GPS at the polymer interface in the equilibrium state.
To address this issue, we computed the orientation-dependent
solvation free energy of y-GPS at the PET/PDMS interface
instead of simulating the entire time-dependent orientation
change process at the room temperature. Solvation free energy
changes with different orientations of the methoxy groups on
the y-GPS molecule were computed to interpret the aforemen-
tioned SFG experimental measurements. Fig. 6a illustrates the
definition of the orientation, specifically the tilting angle (6), of
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Table 1 Hildebrand solubility parameters of molecules in the system®>”

Molecule Solubility parameter (at 20 °C) (cal cm™?)*®
Y-GPS 8.49
PET 10.26
PDMS 7.38

the methoxy groups. The arrow points toward the silicon atom
from the carbon atom on the epoxy ring and the backbone.
When the tilting angle of the y-GPS molecule is 0°, the methoxy
groups face the PDMS side and the main axis of the three
methoxy groups orients along the interface normal. When the
tilting angle of the y-GPS molecule is 180°, the methoxy groups
face the PET side. The orientation-dependent solvation free
energy profile (Fig. 6b) shows that the solvation free energy
(AF = —154 £ 2 k] mol ') at the 0 = 30° is the lowest, suggesting
that the methoxy groups of the y-GPS molecule have a preferred
orientation facing toward the silicone side.

To further investigate the orientation distribution of y-GPS
at the PET/PDMS interface, the local chemical environment
around the y-GPS molecule was calculated at different orienta-
tions. Fig. 7 shows that the local Si concentration around the Si
atom of the silane. Both silicone matrix and the y-GPS mole-
cules have Si atoms, but the system has very few y-GPS
molecules. Therefore, the Si atoms around the Si atom in silane
are from the silicone matrix, which means that the local Si
concentration presented in Fig. 7 represents the local silicone
matrix concentration around the chosen y-GPS molecule. In
Fig. 7, the 30°-sample has a strong silicon peak at 4.8 A, which
is closest to the chosen y-GPS molecule. For the 90°-sample, it
has a broad and strong silicon peak at 6 A, which is the second
closest to the chosen y-GPS molecule among all the samples.
For the silicon peaks of the samples with orientation angles of
0°% 60°, 120°, 150° and 180°, they are farther and weaker than
those of the 30°- and 90°-samples. This trend matches the
profile of AF (Fig. 6b), which means that when the chosen
v-GPS molecule is closer to the silicone matrix, the entire
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Fig. 5

A schematic of the y-GPS-pulling, the calculated PMF, and the density profiles of the simulation sample system: (a) the schematic of the pulling of

the y-GPS molecule in the steered MD simulations in the 2-layer system; (b) the PMF profile of the y-GPS molecule at different locations of the box,
calculated with umbrella sampling; (c) density profiles of overall system, the PET and the PDMS. Note: The Z-axis in the figure is the distance between the
current y-GPS position and the zero position on the Z-axis (or the bottom position of the simulation box). A y-GPS molecule randomly chosen at the

interface was pulled during the pulling process.
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system will be more stable, with a lower free energy. The high
stabilities at 30° and 90° orientations of y-GPS can be attributed
to the solubility parameter difference between y-GPS and
silicone/PET. From the above simulations, it can be concluded
that the methoxy groups of the y-GPS molecule prefer to face
toward the silicone as it is more stable. A schematic showing
the interfacial segregation process of y-GPS is shown in Fig. 8.

Conclusions

In this research, SFG experimental measurements, atomistic
MD simulation and free energy analyses were applied to study
interfacial segregation of the adhesion promoter y-GPS in the
PDMS - PET system. In the SFG experiments, TiO, coating layer
was applied to silica used as PET substrate. This introduces an
SFG non-resonance background signal to interfere with the SFG
resonant signal from interfacial methoxy groups, helping to
determine the absolute orientation of the y-GPS molecule at the
interface. Using the orientation of the methoxy groups of amino
silane molecules at interface as a standard, the methoxy groups
of epoxy silane molecules were found to face the PDMS side at
the PET/PDMS interface. The SFG results supported the con-
clusion obtained from simulations. Since the interfacial meth-
oxy groups should react with the hydroxyl end groups on PET
during the curing process, they must have changed their
absolute orientations to face the PET side while curing.
Consistent with the experimental SFG measurement, ato-
mistic MD simulation shows that the y-GPS molecules diffuse
to the PET/PDMS interface from the PDMS bulk. They prefer to
stay at the interface, instead of remaining in the polymer bulk
after the system was equilibrated. The interfacial segregation
behavior of y-GPS is consistent with its PMF profile, indicating
that the PDMS/PET interface is the location with the lowest
PMF. This observation also aligns with the solubility analyses
that reveal significant solubility parameter differences between
v-GPS and PET, as well as between y-GPS and PDMS.
Solvation free energies of the system were calculated for
seven different y-GPS molecule methoxy group orientations
at the PDMS/PET interface. When the methoxy groups of the

This journal is © The Royal Society of Chemistry 2024
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v-GPS molecule face towards PDMS with 30-degree tilting, the
free energy was calculated to be —154 + 2 k] mol ', which is the
lowest among all seven cases. This is related to the radial
distribution function of silicon atoms (from PDMS) around
the silicon atom of y-GPS. For the chosen y-GPS molecule with
30-degree orientation, the radial distribution function has a
strong silicon peak at 4.8 A, which is closest to this y-GPS
molecule, leading to the lowest free energy. This is because the
interaction between y-GPS and PET is larger than that between
v-GPS and PDMS, which is caused by the larger solubility
parameter difference between y-GPS and PET than that between
v-GPS and PDMS. For the 90-degree orientation, it has a broad
and strong silicon peak at 6 A, which is the second closest to the
chosen y-GPS molecule among all the samples, leading to the
second lowest free energy.

The results of computer simulations and SFG experiments
reported here demonstrate the interfacial segregation and
ordering of y-GPS methoxy groups at the buried PET/PDMS
interface, indicating that they play significant roles in enhan-
cing the PDMS adhesion to PET. These results on y-GPS
behavior and methoxy interfacial segregation/ordering offer
important insights for consideration in optimizing the design
of elastomeric silicone adhesive systems in the future.
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