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ABSTRACT: The molecular interactions between two solid
surfaces at a subnanometer-length scale can control phenomena
such as adhesion, friction, and wetting properties. These
interactions, which comprise the actual contact area at the
molecular scale between two materials, have historically been a
challenge to measure. Here, we show the use of surface-sensitive
sum frequency generation spectroscopy to probe the molecular
contact between two solid surfaces that vary in roughness and
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modulus. The molecular interactions are measured by a shift in the vibrational energy of surface hydroxyl groups (OH) on sapphire
substrates after interacting with rough poly(methyl methacrylate) sheets. We relate the shift of the OH peak to the contact area and
find a dramatic drop in the contact area with increases in roughness and modulus. In contrast, softer sheets were able to deform and
create a complete mechanical contact. Interestingly, we find that complete mechanical contact alone was insufficient to maximize the
molecular contact. Instead, the molecular rearrangement of interfacial molecules was necessary to enhance the interaction energy.

B INTRODUCTION

‘When we grab a piece of paper, there is no observable adhesion
between the paper and our fingers. This is due to an
insignificantly small fraction of area in molecular contact
between these two surfaces." Nonspecific van der Waals
interactions are maximized when separation gaps are around
3—10 A, and these interactions drop off quickly with an
increase in separation.” Interactions such as hydrogen bonding
are affected by an even shorter length scale than for van der
Waals interactions, and this finding highlights the sensitivity
and length scale needed for understanding phenomena such as
adhesion, friction, and conductivity.”™® The optical tools used
to study contact interfaces rely on measuring the intensity of
light, and any scattering of light due to roughness can limit the
range of sensitivity of the optical tools to measure separation
gaps of the order of tens of nanometers.” "> Fluorescence-
based techniques in combination with high-resolution
microscopy give a spatial resolution of 50—100 nm and rely
on changes in the intensity or wavelength of the fluorescence
light to determine if the contact has been made."*™'¢ Further,
the technique also relies on external fluorescence molecules,
and the separation length scale that we can probe without
perturbing the system is constrained by the size of these
molecules.

Here, we combine the sensitivity of vibrational spectroscopy
to probe molecular interactions with subnanometer resolution
and surface sensitivity of infrared-visible sum frequency
generation spectroscopy (SFG) to probe molecular contact
between two rough surfaces. SFG is employed in total internal
reflection geometry to probe the interface between a sapphire
prism in contact with a plastic sheet with fixed chemistry but
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controlled roughness and modulus. Since SFG signals are
generated only when there is a breakdown in centrosymmetry,
the SFG intensity changes that occur as a function of the
infrared wavelength will provide spectral information for the
vibrational energies of the interfacial molecules only.'”"*

The SFG experiments were carried out using a sapphire
prism in an internal reflection geometry. When SFG spectra
are collected in the presence of air, a sharp OH peak is
observed that corresponds to the stretching vibration of the
surface sapphire OH groups.'””” When these sapphire OH
groups encounter liquids or solids of different basicity, the OH
peak shifts to lower wavenumbers. The magnitude of this shift
is proportional to the interaction energy and can be related to
heat of enthalpy using the Badger—Bauer rule.”' This
interaction is short-range, and even the presence of a single
layer of graphene (thickness of 0.3 nm) can disrupt this
interaction with the surface OH groups.”” Therefore, the
magnitude of the shift of the OH peak serves as an indicator of
whether interaction has taken place with the surface OH
group. We have used this sensitivity of the shift of the OH peak
to quantify the strength of the interactions and related this to

. .9
mechanical adhesion.”
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Figure 1. Schematic diagram showing the SFG setup, wherein IR (@) and visible (@y;,) beams are incident on the contact region. The SFG beam
that originates at the surface (wgpg) was collected to give raw SFG spectra. The schematic illustrates the nature of molecular contact with the
carbonyl groups (yellow) of PMMA as they interact with the surface hydroxyl groups (blue) on the sapphire substrate. These acid—base
interactions are short-range interactions and are direct indicators of molecular contact.

Here, we monitor the shifts in the peak position of the OH
groups, which exist as a single layer on the sapphire surface
after contact with the rough plastic sheets. For regions where
there is no contact with the sapphire (gaps larger than 0.3 nm),
we should observe no shift of the OH peak, and at smaller
separation, the magnitude of the shift of the hydroxyl group
(OH) peak is directly proportional to the interaction
energy.24_26 For smooth surfaces, we have shown that the
interaction energy is proportional to the adhesion energy
measured using contact mechanics.”®> Here, we extend this
approach for the first time to quantify the molecular contact
area between two rough surfaces by utilizing the fact that the
interfacial interaction energy is intrinsically related to the
number of molecules in contact. Ultimately, the actual
molecular contact determines the properties, such as adhesion,
friction, and electrical/thermal conductivity.

B EXPERIMENTAL METHODS

Materials and Substrates. Poly(methyl methacrylate)
(PMMA) with a molecular weight of 100000 g/mol and a
polydispersity of 1.09, which were obtained from Scientific
Polymer Products (Ontario, NY, USA), was used for PMMA
bilayer preparation. Additional PMMA with a molecular weight
of 75 000 g/mol, obtained from Sigma-Aldrich (St. Louis, MO,
USA), was used for thick PMMA sheet preparation. Sheets of
polydimethylsiloxane (PDMS) were prepared according to
previous reports.27 Sandpaper of grit size (30 grit) was
obtained from 3 M Corp. (Maplewood, MN, USA). Additional
chemicals of high purity were obtained from common
commercial suppliers. All chemicals were used as received.

Equilateral sapphire prisms (15 mm X 15 mm X 15 mm X
10 mm; Meller Optics, Providence, RI, USA) used for SFG
experiments were first cleaned by baking at 750 °C for 4 h;
subjecting them to ultrasonication in toluene, acetone, and
ethanol for 1 h each; and subsequently exposing them to
plasma treatment for S min (PDC-001-HP expanded plasma
cleaner; Harrick Plasma, Ithaca, NY, USA). For mechanical
contact experiments, these prisms were directly used. To
prepare spuncast PMMA prisms, we used a 4 wt % solution of
PMMA in toluene and a rotation speed of 2000 rpm for 1 min,
followed by annealing at 120 °C overnight in vacuum.

PMMA-PDMS bilayers were prepared using the film
transfer procedure previously reported.””*® The modulus of
the chosen PDMS substrate was 1 MPa, and PMMA film (with
thicknesses of either 10 or 200 nm) was transferred to the top
of the substrate. Thick sheets of PMMA (PMMA “hard-
sheets”) were prepared by compression molding of stock
PMMA powder between sheets of Kapton (smooth polyimide

films) at 180 °C for 20 min under a load of 15,000 Ibs to
prepare a smooth surface. The final sheets, around 1 mm in
thickness, were cut into pieces approximately 0.5 X 0.5 cm in
size. For some samples, additional roughness was introduced
by rubbing with a 30-grit or 1500-grit sandpaper sheet by hand
with moderate pressure for 1 min. PMMA hardsheets were
cleaned using ethanol and were blow-dried under N, flow prior
to use.

Roughness Characterization. The roughness values of
PMMA hardsheets were measured by using a Dextax KT stylus
profilometer. Scans of 0.3, 0.6, and 1 mm were collected at
multiple locations using a 2 ym tip. For soft bilayers, scans of 5
pm, 10 pm, 25 pm, and 50 pm were collected using a RTESPA
300 Tip (Bruker Corp., Billerica, MA, USA) of 8 nm nominal
radius and 40 N/m stiffness using a Bruker Dimension Icon
atomic force microscope (AFM).

Sum Frequency Generation Spectroscopy. Sum
frequency generation (SFG) spectra were collected using a
Spectra-Physics laser system, which has been described in
previous work.” Using this system, an 800 nm visible beam
and an infrared beam tunable in the range of 2000—3850 cm™
with incident angles of 8.5° and 10°, respectively, are
overlapped at the surface of a sapphire prism in total internal
reflection geometry. The incident angles were chosen to
provide a maximum signal contribution from the PMMA—
sapphire contact interface based on Fresnel factor calculations.
The spectra were collected in PPP polarization (ie., p-
polarized SFG, visible, and infrared beams). The prism was
fitted into a custom contact cell that allowed for spectra to be
collected with a sample brought into contact in situ.
Experiments began by collecting a blank sapphire—air
spectrum for reference followed by bringing the substrate of
interest into contact with the sapphire using a stepper motor
with a net displacement of around 2—4 ym to create a contact
spot that is larger than the size of the laser beam. The
saturation of increasing SFG signal with pressure confirmed
that the contact spot was sufficiently large. We estimate that
the contact pressure achieved for the hardsheet samples was
around 50 MPa and that the contact pressure achieved for the
bilayer samples was around 20 kPa. Two scans for each sample
at a given condition were averaged, and three repeats of each
substrate in contact were collected.

B RESULTS AND DISCUSSION

Measuring the Shift of the OH Peak for Various
Rough PMMA Substrates. Figure 1 shows the geometry
used for the SFG experiments. A rough poly(methyl
methacrylate) (PMMA) sheet is placed in contact with a
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sapphire prism. We roughened the PMMA sheets by rubbing
30-grit sandpaper for the roughest case, and we used a smooth
PMMA sheet with root-mean-square (RMS) height roughness
of around 10 nm as a control for a smoother surface. For
reducing the modulus, we fabricated bilayer samples consisting
of a stiff top layer of a 10- and 200 nm-thick PMMA layer on
top of a soft elastomer, polydimethylsiloxane (PDMS). By
choosing this design, we maintain the same chemistry in
contact with the sapphire substrate and vary only the
roughness or modulus. In addition to mechanical contact, we
also spun-cast a PMMA solution in toluene on a sapphire
prism and annealed the polymer film above its glass transition
temperature to allow the interfacial molecules to orient in such
a way as to attain maximum interactions with the surface OH
groups. We expect these samples to highlight the differences
between mechanical and optimum molecular contact.

Figures 2a,b show the SFG spectra for the different PMMA
substrates (Table 1 in the Methods section) in contact with
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Figure 2. SFG spectra are for understanding the molecular contact
between different PMMA substrates. The figure shows the raw spectra
in PPP polarization (p-polarized SFG, IR, and visible beams) and fits
to the data in (a) for the CH region (2750—3100 cm™") and (b) for
the OH region (3100—3850 cm—1). The shaded regions in (b) show
the regions used for further analysis including the water region
(white), the shifted OH region (yellow), and the free OH region
(blue).

sapphire in both the hydrocarbon (CH) regions at 2750—3100
cm ™" and the hydroxyl (OH) regions at 3100—3850 cm ™. For
comparison purposes, we also show the SFG spectra for the
bare prism before contact (“Air”). The contact pressures for
each sample were sufficient to make contact more than the

Table 1. Modulus and Root Mean Square Roughness Data
for Different Substrates”

Sample Modulus hms (Roughness)
10 nm Bilayer 1.0 MPa
2.5 nm
200 nm Bilayer 1.6 MPa
Smooth Hardsheet 2.9 GPa** 8 nm
30-grit Hardsheet 2.9 GPa® 1439 nm

“The elastic modulus for bilayer samples is calculated using the rule of
mixture.””*° The root mean square roughness for different PMMA
substrates was extracted from the power spectral density of roughness,
which was created using stylus profilometry and AFM scans across
different length scales.”’

overlapped beam size (diameter of about 100—200 ym) (see
the Methods section). The fits to the raw spectra (solid lines)
in both regions were accomplished using the Lorentzian
function, and the fitting parameters are listed in Table S1. The
CH region shown in Figure 2a includes aliphatic vibrations
from the chemical species present at the interface. The spectra
for bare sapphire prisms have weak signals between 2800—
3000 cm™!, confirming the lack of hydrocarbon contaminants.
Upon contact, we observe PMMA aliphatic signatures (i.e.,
vibrations of ester-methyl groups, a-methyl groups, and
methylene). The characteristic peaks of PMMA observed
across different samples include the symmetric vibration of the
ester-methyl group at 2950 cm™" and the asymmetric vibration
of the a-methyl group at 2995 cm™". The peak at 2960 cm™"
corresponds to the asymmetric vibration of the backbone
methylene signatures, as well as the a-methyl vibrations. Weak
peaks in the 2850—2890 cm™' region correspond to the Fermi
peaks of the ester-methyl groups.’® These signatures confirm
the presence of PMMA at the contact interface. In addition,
the fits show distinct differences in the relative peak intensities
of the characteristic peaks across different PMMA samples.
The observation of different PMMA vibrations with differing
intensities points toward the different local structures
(conformations) adopted by the PMMA chains next to the
surface. However, we can see that the relative aliphatic peak
intensities are similar within the same group (spuncast,
bilayers, and hardsheets). These differences in conformation
would have direct implications for the molecules available for
interaction at the surface, further affecting the molecular
contact area. To quantify the orientation of PMMA side groups
requires knowledge of the distribution of the orientation and
the number density of these groups. We have used molecular
dynamics (MD) simulations in past studies to determine the
distribution of the orientation of PMMA side groups in contact
with air.®>> Here, the width of the orientation distribution will
be affected by both the roughness and molecular interactions.
We have not attempted to quantify the orientation of PMMA
side groups in this article and instead focused our analysis on
the shift of the sapphire OH peak. In the future, we will use
MD to assist us in the interpretation of the difference in methyl
and methylene signals.

The region from 3100—3850 cm™" in Figure 2b shows the
OH vibrations of the hydroxyl groups present on the sapphire
interface. The air spectrum shows a sharp peak around 3710—
3715 cm™' assigned to the free OH vibration of the sapphire
hydroxyl.>**” On contact with PMMA substrates, these free
hydroxyl vibrations shift to lower wavenumbers due to the
acid—base interactions (hydrogen bonding is a subset of the
broader category of acid—base interactions) with the functional
groups in PMMA.””*® The spectral features in Figure 2b
directly illustrate the differences in contact between the rough
and smoother sheets. The observation of a sharper unshifted
peak at 3710—3715 cm ™', which is similar to the spectral peak
observed for the sapphire—air interface, confirms the presence
of air gaps. For smoother and more compliant sheets, we
observe the shift of this sharp peak to around 3670—3690 cm™
as well as an additional peak that is shifted to lower
wavenumbers, illustrating the direct contact of molecular
groups of PMMA with the surface OH groups. The peak at
3670—3690 cm™' reflects weaker interactions than we
observed for sapphire OH in contact with methyl or methylene
groups.”” The higher shifted peak reflects stronger interactions
with the carbonyl groups of the PMMA side chains.”® Based on
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Figure 3. (a) Demarcation between different regions is based on the observed peak widths. The regions are defined by the intersection of the
curves in green (a broad peak of loosely bound water at 3400 cm™"), blue (a broad shifted hydroxyl peak due to molecular interactions), and red (a
sharp free hydroxyl peak at 3700 cm™). The intersections around the wavenumbers take place at roughly around 3500 and 3650 cm™", which serve
as the bounds for the analysis of Shifted OH %. Variation of (b) Normalized Shifted OH % parameter across different PMMA-based surfaces and (c)
real contact area as a percentage of the nominal area calculated using Shifted OH %. By definition, the Area % of the Spuncast film is 100% since it is
mechanically conformal but is not included in the figure to avoid confusion with the subsequent figure d and (d) interaction strength percentage as
the percentage of the maximum possible interaction achieved at the contact interface for each system.

these observations, we observe that the rougher the PMMA
sheet, the smaller the contact area. In addition, both the
spuncast and bilayer films show the shifted OH vibrational
peak with a lack of the free 3700 cm™ peak, suggesting
complete coverage of the surface of the sapphire.

Converting the Shift of the OH Peak to Actual
Contact Area. Next, we focus on converting the information
about the shift in the OH peak to the contact area through an
analysis of the shape of the hydroxyl region. We employ an
area-under-the-curve method in which the hydroxyl region
spectra are segregated into user-defined subregions that
contain the maximum contribution from a given group but
without introducing external bias. Different width and spectral
feature observations across all samples were used for
demarcating the regions shown in Figure 3a into free hydroxyl
and weakly interacting PMMA moieties in the Free OH region
(3650—3850 cm™!, shown in blue), a strongly shifted region
termed as the Shifted OH region (3500—3650 cm™', shown in
yellow), and possible environmental adsorbed water accounted
for in the water region (3100—3500 cm ™', shown in white). In
reality, each spectrum measured can in general exhibit multiple
different peaks/populations of shifted OH signatures, but we
grouped them all into a single spectral region of strong
interactions called the Shifted OH region. For each region, the
area is calculated from the square root of SFG intensity versus
wavenumber since the square root of SFG intensity is the value
proportional to the number of interacting molecules (Equation
S1).

To extract information about the molecular contact area, we
define a parameter termed Shifted OH % (eq 1) as the

percentage of the total OH region composed of the shifted OH
signal.
As ifte
Shifted OH % = —7 "
1

Since we observe nonzero signals below 3650 cm™ in the air
spectrum due to the presence of adsorbed water (Figure 2b),
we observe that the Shifted OH % before contact is not zero.
This presence of adsorbed water due to a humid environment
can be observed (Figure 2b).”” Thus, the nonzero Shifted OH
% in the reference air spectra—which can generally vary
between sapphire samples or under different levels of ambient
humidity—necessitates the normalization of the Shifted OH %
parameter for each sample using eq 2 to facilitate a better
comparison between samples. The underlying assumption is
that the same amount of adsorbed water is present before and
after contact, which should be justified for a highly hydrophilic
surface, such as sapphire. Finally, we add the caution that the
calculated values, due to how the parameter is defined, are of a
magnitude that is related to (but not directly equal to) the
number of molecular contacts.

total

1

Normalized Shifted OH %

= Shifted OH %(Sample) — Shifted OH %(Air) (2)

The calculated Normalized Shifted OH % (NSH) values for
each of the different types of contacts are shown in Figure 3b.
The results show decreasing values in the following order:
Spuncast > Bilayers > Smooth Hardsheet > 30-grit Hardsheet.
This decreasing trend is consistent with the qualitative
observations that higher level of roughness and higher modulus
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Figure 4. Proposed molecular contact picture drawn from the spectroscopic observations for the cases of (a) rough PMMA sheets, (b) bilayers, and
(c) spun-cast PMMA film. The acid—base interactions of surface hydroxyl are denoted using different colors based on the type of interactions in
increasing order from freely vibrating hydroxyl (light blue), weaker interactions with nonpolar groups (light green), and strong interactions with

polar groups (yellow).

samples show lower values of Normalized Shifted OH %. This
NSH serves as a comparative parameter derived from the SFG
spectra between different systems.

Further, for transitioning from the NSH parameter to
gauging molecular contact, we introduce a variable y defined as
the fraction of the area in direct contact. To determine y, we
need to define the Shifted OH % value for complete contact.
We assume that the bilayer samples are conformal and are in
complete contact with the sapphire substrate. This assumption
is justified because we observed no changes in the values of
Normalized Shifted OH % with applied pressure (Figure S1).
This observation, alongside the lack of any discernible free
hydroxyl peaks in the spectra for the two bilayer samples,
suggests the possibility that both bilayer samples with a very
thin layer of a stiff, glassy polymer are able to achieve
conformal molecular contact. The fact that these bilayers will
make conformal contact was not obvious, and our adhesion
studies on bilayer samples with thickness of PMMA layer
ranging between 0 and 100 nm revealed a drop in adhesion
when PMMA thickness is around 80 nm.** This drop in
adhesion was not due to a lack of conformability. Instead, the
evidence that these systems are conformal was used to model
the adhesion data by using the Persson-Tosatti model. This
model predicts a drop in adhesion during approach because
part of the adhesion energy is consumed in the elastic energy
required to conform the PMMA layer to achieve molecular
contact.*”* Further, due to the mechanically conformal nature
of the bilayer, any nonconformal contact Shifted OH % can be
expressed as a linear weighted sum of the Shifted OH % for
complete contact (bilayer) and complete lack of contact (air).

However, an additional consideration needs to be made,
given that the Fresnel factors are different for sapphire—air and
sapphire—PMMA geometries. Figure S2 shows the square root
of the SFG signals for the surface sapphire OH groups (based
on Fresnel factors) expected as a function of the air gap
thickness between the sapphire and PMMA at the chosen
incident angle for our experiments. These changes in the SFG
intensity have nothing to do with changes in orientation or
changes in interaction energy. This is purely a correction factor
due to Fresnel factors because the refractive index of the air
gap is lower than PMMA and the SFG intensity of the surface
OH groups will decrease with an increase in airgap thickness.

This results in changes in SFG intensity that we will observe
for different regions in the nonconformal contact interface.

For the smooth samples with high contact pressure applied
during the experiments, the signal contribution between the in-
contact and out-of-contact sites should be negligibly different
since the scale of the out-of-contact air gaps will be very small
(order of 10—15 nms). For the 30-grit hardsheet, the high h,,
values (Table 1) would lead to larger air gaps—creating
substantial differences in signal contribution between the in-
contact and out-of-contact regions. Since the trend in Figure
S2 reaches a bottom plateau past 700 nm, we can approximate
that there will be a 2X relative signal enhancement for in-
contact sites (with an air gap of 0 nm) compared to out-of-
contact sites (>700 nm air gap). We define this correction
factor to account for Fresnel factor as f and have taken this
value as 1 for smooth PMMA surfaces and 2 for the 30-grit
hardsheet. Using these two factors, we introduce eq 3 to
determine y, and then the Area % can be calculated by y X
100%. The denominator of eq 3 is a normalization factor for
the sum of the coefficients before each Shifted OH % term to
ensure that the addition of f changes only the relative
contribution and not the overall magnitude.

Shifted OH % (measured)
_ fx X Shifted OH %(contact) + (1 — ) X Shifted OH % (Air)
fat+1l-yx

)

The parameter Area % as shown in Figure 3c reflects the
mechanical contact area considering the bilayer as the most
conformal complete contact in eq 3. The higher the RMS
roughness, the lower the Area %. The drop in Area % is almost
exponential with an increase in the RMS roughness.
Explaining the Results for Spuncast PMMA Films. The
final interesting observation to note is that the Normalized
Shifted OH % for the spun-cast sample is 1.5 times higher than
that for the conformal bilayer samples. While this finding might
be presumed to be the result of the spuncast film conforming
to a greater degree against the sapphire compared to the
bilayers, this conclusion is not consistent with the pressure-
and thickness-dependent bilayer data, which suggests the
conformality of the bilayer samples. Thus, the difference in
these interactions cannot be related to changes in the contact
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area. Instead, these differences reflect a difference in interfacial
interaction energy for two instances of complete mechanical
contact.

To account for these differences, we calculated the
interaction strength percentage (Figure 3d) using eq 3 while
considering spun-cast PMMA as the maximum possible
contact (maximum interaction). While the PMMA in the
bilayer samples may be in a kinetically locked nonequilibrium
state, the PMMA that was spuncast and annealed directly on
the sapphire surface should be at or near equilibrium with
maximum interfacial interactions. We observe that despite the
complete mechanical contact, the bilayer films have about a
50% decrease in the interaction strength percentage compared
to that for the spun-cast PMMA, as shown in Figure 3d.
Moreover, the rough sheets show a further decrease in the
interaction strength due to the reduced mechanical contact at
the interface, as shown in Figure 4a.

For the extreme case of a spun-cast film, the process of spin
coating a polymer solution against the high-energy sapphire
substrate allows for polymer chain to rearrange. Further, the
annealing process ensures that a thermodynamically equili-
brated state for the chains next to the interface is achieved."
This equilibrated state and the presence of an abundance of
polar groups maximize the interfacial interactions with the
sapphire hydroxyl groups, as shown in Figure 4c. On the
contrary, in the case of bilayers whose films experience an air
environment, the local conformations of the polymeric chains
try to minimize the surface energy by rearranging the nonpolar
groups toward the surface as shown in Figure 4b. On
mechanical contact with the sapphire prism, these available
nonpolar groups at the surface are trapped in a kinetically
favorable state next to the sapphire below their glass transition
temperature Tg.43 Thus, the reduced number of polar carbonyl
groups reduces the interaction strength percentage for the
bilayer as compared to that for the spuncast counterpart.

The observations presented above lead us to further
consider the differences between conformal mechanical
contact and the maximum interfacial interactions. Two systems
that achieve complete coverage of sites at molecular length
scales—the spuncast films and the bilayer contacts—have very
different interaction energies that should, in turn, lead to
differences in interfacial properties such as friction and
adhesion. These intricacies are important to consider whenever
the contact is achieved in different ways (e.g, mechanical
contact as opposed to solution/melt) or when a material is
processed at or above its T, such that different degrees of
molecular rearrangement can occur. This is a critically
important detail when studying contact area, since interfacial
interactions are ultimately what govern interfacial properties,
and not every point of mechanical contact may yield the same
interaction contribution even for the same material.

B CONCLUSIONS

In our experiments using PMMA substrates with varying
modulus and roughness in contact with sapphire with surface
hydroxyls, we show the sensitivity of the shift in the location of
the surface OH vibrational peak in the SFG spectra to the
actual contact area between two rough solid surfaces. The
higher the conformability, the lesser the magnitude of the free
nonshifted OH peak. Here, we quantified the Area %, using the
shifted OH vibrational peak. The results show that the higher
the RMS roughness, the lower the Area %. The softer surfaces,
which consist of a thin PMMA layer on top of a softer PDMS

sheet, show conformal contact and complete mechanical
contact. Interestingly, we show that the interaction strength
can be maximized even beyond complete mechanical contact,
and the magnitude of the interaction strength depends on the
orientation of groups at the surface of the contacting surface.
The results for the interaction strength percentage highlight
the distinction between two systems having complete contact:
one via mechanical contact (bilayer) and the other using
solution state (spuncast) contact that has been annealed above
the T,. The importance of surface rearrangement combined
with the impact of roughness is critical in understanding
phenomena such as friction, adhesion, haptics, nanofabrication,
and solid-state batteries, which are all driven by interfacial
interactions that occur at molecular-scale contacts.
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