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ABSTRACT: Chemically modified elastomer surfaces are important to many applications,
including microfluidics and soft sensors. Sensitive characterization of the interfacial chemistry
of soft materials has been a persistent challenge, given their structural and chemical complexity.
This article reports a method to probe local chemical states of elastomer surfaces that leverages
the interference effects observed in micro-Raman spectroscopy. Unexpectedly, systematic
variations of Raman scattering intensity were observed across a chemical wettability gradient
grafted to the surface of a poly(dimethylsiloxane) (PDMS) film. Specifically, hydrophobic
surface regions with a high graft density of long-chain hydrocarbon molecules showed
suppressed Raman intensity. An optical interference model that accounts for molecular filling
and swelling of an interfacial glassy layer during chemical modifications of the PDMS surface
quantitatively reproduces experimental observations. This work establishes the spectroscopic
signatures of interfacial chemical modifications on elastomer surfaces and enables a noncontact
optical probe of local chemical states at the micro- and nanoscale compatible with the complex
interfaces of soft materials.

Chemical functionalization of elastomer surfaces enables
the rational control of properties (wettability, reactivity,

adhesivity, etc.) that are essential to the performance of
numerous soft, adaptive materials systems.1−3 Examples of
such designed properties and functions of soft material
interfaces range from adsorption and adhesion, wetting, and
molecular recognition, to biocompatibility and biomedical
applications.4−6 While several strategies for the successful
modification of elastomer surfaces have been reported,
convenient analytical techniques that can provide localized
physicochemical detail of these inherently heterogeneous
systems have remained elusive, and the pace of discovery has
been slowed. In this report, we work to address this long-
standing constraint within the soft matter community by
demonstrating a unique noninvasive, all-optical methodology
that provides localized surface-chemical information. Specifi-
cally, we make use of interference effects from micro-Raman
measurements together with a semiquantitative physical model
to report the graft density of alkyl chains on modified PDMS.
Compared with prototypical systems in surface science, for

example, the well-defined crystalline interfaces of inorganic
materials or carefully prepared self-assembled monolayers, soft
material interfaces are disordered and heterogeneous. It is this
surface-chemical “complexity” that defines the structure and
enables the unique f unctions of soft material systems.
Structurally, surfaces of crystalline inorganic materials feature
periodic atomic or molecular lattices with long-range interfacial
order and a clear boundary between the bulk material and the
surface adsorbed or bonded atomic and molecular species. On
the contrary, interfaces of soft materials often feature labile

chemical bonding involving a wide variety of lightweight
molecular components. The underlying soft materials are
inherently disordered in their structural arrangement; no long-
range order exists in a plane along their surface, and the
boundary in the out-of-plane direction between the bulk and
the chemically modified interface is often hard to delineate.
Functionally, soft materials’ interfaces are often designed with
spatially heterogeneous patterns to enable desired functions. In
many cases, these functions involve responses to external
environmental factors and stimuli, enabled by temporally
dynamic changes in the interfacial chemical states.7,8 The
chemical composition and molecular architecture of these
interfaces provide underpinnings for a wide variety of
functional materials.9−11

To enable our understanding of the structure and function
of soft material interfaces, characterization approaches that are
commensurate and compatible with their chemical complexity
are indispensable. Desired measurement methods are expected
to provide information on their chemical states, which are
capable of resolving microscopic spatial variations, monitoring
chemical changes over time, and remaining robust within
complex chemical environments. These requirements render
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the characterizations of soft materials’ interfacial chemical
states challenging.
Standard surface characterization tools/methods such as

energy dispersive X-ray spectroscopy (EDX) and X-ray
photoelectron spectroscopy (XPS) contribute to our under-
standing of the elemental distribution on soft materials’
surfaces, with a micrometer-to-submicrometer spatial reso-
lution. However, as core-level spectroscopies, their sensitivity
to detect and distinguish/differentiate molecular details from
light elements is limited. The similarly natured organic
substrate bulk and lack of a sharply defined boundary further
add to their limitations in cleanly revealing interfacial chemical
states. In addition, their vacuum operational environments
preclude the possibility of in situ measurements. Sample
loading in the vacuum chamber alone might perturb the
sample chemical states. For instance, condensation of Si−Si
and Si−O by eliminating water and/or mechanical strain has
been reported to induce hydrophobic recovery of chemically
modified elastomer surface, even before the start of the XPS
analysis.12 On the other hand, contact angle (CA) measure-
ments reveal the surface chemical states from the perspective
of the surface wettability profile.13 Its recently developed
variant, surface wettability visualization (SWAV), visualizes
spatial variations of surface wettability using nebulized

microdroplets.14 However, these methods yield limited spatial
resolution at the millimeter-to-submillimeter level, constrained
by the minimum volume of droplets.
To bridge the gap in characterization approaches of soft

material interfaces, we report here the optical signatures of
chemically modified elastomer interface measured in Raman
spectroscopy. Our measurement results enabled us to establish
an analytical and numerical model of the optical properties of
the chemically modified interfacial layer. The integrated
measurement and modeling approach developed in this work
opens a new perspective to address interfacial complexities in
soft materials.

■ METHODS
Experimental Setup for Chemical Gradient Deposited

on PDMS Surface. Chemical gradients on the surface of the
gradient have been fabricated by the previously reported
method.14 PDMS, which is widely used as an elastomer for its
inertness and flexibility, was cured in the thin film form at a
thickness of 500 μm and oxidized to activate and create
hydroxyl groups on the surface for further chemical
modifications. Decyltrichlorosilane (DTS) was selected as
the volatile molecule to stage the silane source for one-
dimensional (1D) gradient deposition via the chemical vapor

Figure 1. PDMS surface modification and contact angle measurements. (a) Formation of surface chemical gradient through chemical vapor
deposition of silanes (DTS in mineral oil). (b) Cross section of molecular structures of the surface chemical gradient, controllably formed by DTS
diffusion into the silica-like interfacial layer. (c) Contact angle variation along the chemical gradient of surface density of deposited silane. Optical
images of contact angle measurements using water droplets are shown alongside the contact angle.
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deposition technique. Figure 1a demonstrates the experimental
setup for this modification on a PDMS surface using a 3D
printed chamber incorporating a silane source, which allowed
the deposition with the flux of volatile molecules. Figure 1b
illustrates the change in the density of deposited DTS. The
surface was modified by DTS diffusing on a silica-like layer,
forming an interfacial layer with varying thickness.
PDMS Fabrication. The ratio of 10:1 base to curing agent

was mixed from a Sylgard 184 kit to formulate the PDMS at
the required mechanical conditions. After that, the mixture was
degassed under vacuum for approximately 20 min in order to
remove any air bubbles. On a Silicon wafer, cleaned with
Deionized (DI) water, Isopropanol, and Acetone, respectively,
and dried with N2 gas, the degassed mixture of PDMS was cast
over by the universal applicator (Zethner) at the thickness of
500 μm and was placed in the 60 °C oven for 2 h.
PDMS Oxidation. PDMS was cut into 1 × 1 in., and the

side facing the silicon wafer was flipped up to expose it for
oxidation. Precleaned glass slides were used as the substrates
for the samples. The parameters selected on the O2 plasma
chamber (Plasma Etch Inc., Carson City, NV, model no. PD-
25 Series) were 60% power and ∼200 mTorr pressure for 60 s
to oxidize the surface by creating silanol groups on the surface.
Chemical Vapor Deposition of DTS. For 1D Gradients

Synthesis, a 3D printer chamber at the dimensions of (40 × 18
× 10 mm) was used to stage a silane source for vapor
deposition with a dimension room of (30 × 15 × 8 mm) to
hold enough air to derive the flux of volatile molecules along
the length of the chamber.14

DTS (Gelest) is used as a volatile alkyl-based silane
molecule diluted with Mineral oil in a 1:10 ratio. 15−20 μL
of the silane solution is used in order to fully wet the filter
paper setting on the front end of the chamber to be used as a
Silane source. After the filter paper was wetted with the silane
solution, it was placed on the oxidized PDMS substrate in an
inverted position for DTS deposition through the Chemical
Vapor Deposition (CVD) technique for 1 min. After DTS
deposition, samples were washed with warm (∼60 °C) water
for 30 s and dried with N2 gas.
Raman Spectroscopy. Raman spectroscopy measure-

ments were conducted by using a custom-built confocal
micro-Raman apparatus. A single-frequency continuous wave
laser provides Raman excitation at 532.176 nm (Coherent
Verdi V2). The excitation laser is coupled into a custom-built
microscope using a band-pass filter of a volume holographic
grating (VHG) filter set. A microscope objective is utilized to
focus the excitation laser on the sample surface, and the
backscattering geometry was used to collect the Raman signal
using the same microscope objective. A Nikon 60X 0.70 NA
(Numerical Aperture) microscope objective was used to
acquire native PDMS and chemically modified PDMS
Raman spectra. The acquired time was 60 s. The VHG
band-pass filter also acts as a dichroic to keep the laser line out
of the detection path. The laser line is further suppressed by
more than 9 orders of magnitude with a spectral notch having a
full width at half-maximum at around 7 cm−1 above and below
0 cm−1 using three-volume Bragg grating notch filters. The
filtered signal is fed into an IsoPlane-320 spectrometer,
dispersed by a grating with a specific grooves/mm value
(1800 grooves/mm), and collected by a thermoelectrically
cooled (liquid nitrogen-cooled) charge-coupled device (CCD)
(PIXIS-BRX400).15 The higher grating groove density spreads
light over a larger region of the CCD, enhancing the spectral

resolution. Raman scattering with a Stoke’s shift from 18 to
3200 cm−1 was collected.

Water Contact Angle Measurements. The surface
wettability of native PDMS, chemically modified PDMS
(with DTS modification), and unmodified PDMS (without
DTS modification) was evaluated by measuring the mean
water droplet contact angle of the static drop dispersed on the
substrate surface. For contact angle analysis, the sample was
placed on the stage of attention of a Theta contact angle
goniometer to analyze the change in contact angle along the
gradient. The reference liquid used is the nano pure water
droplets, and a droplet of 0.3−0.5 μL volume (or ∼0.4−0.5
mm radius) was used. For collecting contact angle values, the
baseline was adjusted to automatic with 11 frames per
measurement. The solid phase selection of PDMS and the
light phase is assigned to be air, and the distance between two
consecutive data points is ∼2 mm.

Optical Modeling.We used the transfer matrix method for
optical interference calculations. As a consistency check, we
first reproduced the Raman enhancement of graphene on
SiO2/Si substrates due to optical interference (Supporting
Information Figure S5).16 For our elastomer surface
calculations, the previously reported refractive indices of
PDMS and silicon dioxide (SiO2) were used. The refractive
index of PDMS is around 1.4 (moving from wavelength from
532 to 700 nm, the refractive index will decrease from 1.44 to
1.42).17−20 Plasma-oxidation of PDMS results in a thin silica-
like skin layer,21 and the refractive index of SiO2 was decreased
from 1.46 to 1.45.20−22 The refractive index of DTS is around
1.45 (Thermo Fisher Scientific, Gelest). The surface was
modified by DTS diffusing on a silica-like layer, forming an
interfacial layer with varying thickness and refractive index.
The refractive index of SiO2 was used as the refractive index of
the interfacial layer. The Silica-like layer is denser than PDMS,
and normal silica glass is denser than the silica-like layer.23

Therefore, we considered the air and interfacial layer interface
refractive indices to be between air (nair = 1) and glass (nglass =
1.5). The interfacial layer refractive index can vary between the
refractive index of PDMS and the Silica-like layer. Calculations
were done using the Python “tmm” package (Supporting
Information section 4).
In this work, Sylgard 184, a widely used silicone-based

elastomeric polymer composite material, is selected as the
model system for the characterization of local interfacial
chemical states. Commercialized under the name Sylgard 184,
this model system is a composite of polydimethylsiloxane
(PDMS) and 30−60 wt % fumed silica. This composite
elastomer is also broadly referred to under the name of its
polymer base as PDMS; we adopt this denotation hereafter.
PDMS is extensively explored due to its remarkable

properties including physiological indifference, biocompatibil-
ity, chemical stability, mechanical properties, gas permeability,
excellent optical transparency, and adaptability.24−28 PDMS is
hydrophobic in nature. When it is oxidized by oxygen plasma, a
silica-like layer is created on the exposed surface, the thickness
of which increases with plasma power and treatment time.29

Terminal hydroxyl groups are also expected to be generated on
the surface while oxidation activates the surface for further
chemical modification.29−31 This modification imparts new
properties, such as increased hydrophilicity, improved
adhesion, and altered mechanical behavior.29 Spatiotemporal
control of surface chemical modifications enable the formation
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of surface chemical gradients, as shown by previous
studies.32,33

We use decyltrichlorosilane (DTS) with a ten-carbon-long
alkane chain to chemically modify the oxygen-plasma-activated
PDMS surface. The extent of this reaction at the gas−solid
interface depends on the DTS partial pressure in the gas phase.
We designed a reaction chamber (Figure 1a) to produce and
sustain a steady-state gradient distribution of DTS partial
pressure, which translates into the DTS surface chemical
gradient (Figure 1b). The end that has a higher amount of
DTS deposited can be expected to be more hydrophobic, and
the end with less DTS deposited is expected to be more
hydrophilic. Figure 1c illustrates the contact angle variation

along the direction of the chemical gradient of the surface
silane concentration.
The chemical states of interfacial molecular components are

expected to vary according to the chemical gradient. We
hypothesize that such surface chemical state variations will be
encoded into local spectroscopic responses. This work explores
the use of Raman spectroscopy as a spectroscopic tool to reveal
surface chemical information.34 Figure 2a shows the Raman
spectrum of PDMS observed under ambient conditions excited
using a 532 nm laser. We assign letter symbols from a to s to
denote the observed Raman modes and follow previous
literature to ascribe these modes to specific molecular motions
(Supporting Information Table S1). Specifically, the q and r
modes arise from the CH3 symmetric and asymmetric

Figure 2. Observation of Raman modes on the chemically modified PDMS surface. (a) Raman spectrum of PDMS. Each mode is labeled with a
letter from a to s. Details of mode assignment are available in Table S1. From (b) to (e), the CH3 symmetric and asymmetric stretch modes q and r
are chosen as spectral representative features. (b) Surface Raman spectra along the surface chemical gradient. Surface position value is arbitrarily
defined to increase in the same direction as surface hydrophobicity increases. (c) Surface Raman spectral difference between consecutive positions
along the surface chemical gradient. As hydrophobicity decreases, Raman intensity increases. (d) Bulk Raman spectra measured from ∼150 μm
below the PDMS surface, along the chemical gradient. (e) Bulk Raman spectral difference between consecutive positions, measured ∼150 μm
underneath the surface chemical gradient, showing constant spectral intensities at all positions.
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stretching and are the strongest modes observed.35−37 We first
analyze and discuss the q and r modes before generalizing our
findings to the full spectral range. We expect that systematic
variations of line width, spectral shift, and peak intensity of
Raman modes will occur and correlate with surface chemical
modifications.
We indeed observed systematic variations in the Raman

spectra collected along the surface chemical gradient, as shown
in Figures 2b and 2c. The surface chemical gradient,
implemented as previously described, renders the elastomer
surface increasingly hydrophobic along the direction of
increasing exposure to surface capping reagent. When scanning
the laser focal spot from the hydrophobic to the hydrophilic
end on the elastomer surface, an excess of Raman scattering
intensity was observed. For clarity, we use the symmetric and
antisymmetric stretching modes q and r of the terminal methyl
group as spectral representatives to discuss this systematic
spectral variation.35,38,39 Figures 2b and 2c show the
background-subtracted Raman spectra and the differential
spectra, respectively. The remaining spectral regions show the

same behavior, with slightly different signal strength variations
(discussed later in our analysis). As a control experiment, we
probed the Raman response of bulk PDMS, shown in Figures
2d and 2e. Sampled locations of bulk PDMS were chosen to be
∼150 μm beneath the surface right under the measured spots
shown in Figures 2b and 2c. When scanning inside the bulk,
we observed no spectral variation along the direction of the
surface chemical gradient; the Raman spectra from all locations
are virtually identical. This set of control spectra benchmarks
the reproducibility of measured spectral intensities under our
experimental conditions and serves as a consistency check to
substantiate the robustness of our observations of surface
Raman spectral variations.
Intuitively, one might expect spectral variations to originate

from surface chemical modifications. Surface capping mole-
cules possess new molecular structures and increase the local
density of hydrocarbons as well as organosilicon. As they are
differentially introduced to the surface locations, one would
reasonably expect the hydrophobic regions to exhibit (1)
stronger Raman intensities from the increased local density of

Figure 3. Raman signatures of surface chemical gradient. (a) and (b) Anticorrelation between surface Raman intensity and hydrophobicity. Surface
Raman intensity decreases as the surface becomes more hydrophobic. (c) Overlay of min-max normalized surface Raman spectra across the
chemical gradient. All spectra overlap exactly and do not vary in peak position and width. (d) Spectral difference of min-max normalized surface
Raman spectra, showing complete overlap. (e) Raman spectra of chemically modified and native PDMS surfaces. Surface Raman intensity is
suppressed after chemical modification. (f) Raman intensity ratio between chemically modified and native PDMS surfaces. The most hydrophobic
region shows surface Raman intensity suppressed to about 80% of the native surface.
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Raman scatterers and/or (2) additional Raman features due to
the presence of new chemical entities. Contrary to the
chemical intuitions, however, our observations contradict
both naiv̈e expectations and show the opposite correlation
between Raman intensity and surface hydrophobicity.
First, we observe an anti-correlation between the surface

hydrophobicity and Raman intensity. The more hydrophobic
surface region exhibits weaker Raman intensity despite
harboring more organic capping molecules; the more hydro-
philic surface region, on the other hand, exhibits stronger

Raman intensity. Figures 3a and 3b illustrate this counter-
intuitive intensity-hydrophobicity correlation. This correlation
alone suggests that our naiv̈e interpretation of how surface
chemical modification affects its Raman response is insufficient
and incapable of accounting for experimental observations.
Second, the Raman intensity is the only variant among

Raman spectra collected from regions of different surface
chemical states. Vibrational mode frequency and line width are
intrinsic spectral features that sensitively reflect local physical
and chemical properties of the underlying material and

Figure 4. Optical interference modeling of the chemically modified elastomer surface. (a) Interfacial structure used in the interference model. ninter
and dinter denote interfacial layer refractive index and thickness, respectively. Normal incidence is assumed. vn and wn (n = 1,2,3) represent the
amplitude of the forward and backward propagating wave in layer n. (b) 2D mapping of predicted Raman intensity ratio at given interfacial layer
refractive index ninter and thickness dinter. Vertical and horizontal dashed lines, labeled with (c) and (d), correspond to the intensity ratio sectional
profiles plotted in (c) and (d), respectively. The diagonal solid line represents a plausible scenario for the actual chemically modified interface,
where both ninter and dinter increase as DTS density increases, producing an intensity suppression to ∼80%. (c) 1D line profile of predicted Raman
intensity ratio as a function of interfacial layer thickness, at a constant refractive index. The largest thickness value corresponds to the most
hydrophobic region. (d) 1D line profile of predicted Raman intensity ratio as a function of interfacial layer refractive index, at a constant thickness.
The largest refractive index value corresponds to the most hydrophobic region. (e) 2D mapping of predicted Raman intensity ratio at given Raman
shift and interfacial layer thickness. The solid line corresponds to the line profile shown in (f). (f) Predicted and observed Raman intensity ratio as a
function of Raman shift. Solid line shows predicted Raman intensity ratio at a constant interfacial layer thickness of 30 nm (soild line). Triangles
show measured Raman intensity ratio of various vibrational modes.
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molecular systems. They are robust against extrinsic factors
and are extensively used as spectral markers. In our
observations, all Raman spectra share identical spectral line
shapes including peak position and line width. Figure 3c shows
an overlay of the min-max normalized surface Raman spectra
along the chemical gradient. Figure 3d shows that all
differential spectra are virtually flat zero, indicating an invariant
spectral line shape under different surface hydrophobicity. The
absence of any change in the spectral line shape suggests that
our measurements are insensitive to the specific nature of
underlying chemical entities. Indeed, even when a confocal
optical scheme is used to restrict the probe volume, signals
from surface molecules are easily overwhelmed by those from
the bulk.
Third, the surface Raman intensity overall is suppressed after

chemical modification rather than increased by the organic
molecules added to the surface. As a further control
experiment, we compare the surface Raman response between
native PDMS and chemically modified PDMS. The native
PDMS surface has not undergone either oxygen plasma
activation or DTS capping. Figures 3e and f show the spectral
comparison and Raman intensity ratio as a function of surface
hydrophobicity. In the most hydrophilic region, the Raman
intensity is on par with that of the native surface. As the PDMS
surface becomes more hydrophobic from increasing surface
capping by organic molecules, its Raman response decreases to
about 80% in the most hydrophobic position.
All three behaviors discussed above suggest that the origin of

the observed surface Raman intensity variations, while
correlated with surface chemical gradients, might not come
directly from the added chemicals. Rather, a physical
mechanism that is insensitive to the specific nature of the
underlying chemicals is at work to produce spectral intensity
variations from the materials’ interface. Optical interference is
one such physical mechanism.16,40 We next investigated the
effect of optical interference on the spectral signal intensity
from the interface.
Optical interference originates from the coherent interaction

between light waves. When two or more phase-coherent light
waves simultaneously pass through the same spatial region or
reflect from the same interface, their electromagnetic fields
superimpose to produce a modified total field amplitude.
Constructive (destructive) interference occurs when electro-
magnetic fields add coherently in the phase (out of phase).
The phase relationship between coherent optical field
components can be sensitively controlled by nanoscale
variations in optical path lengths. Consequently, the observed
light intensity, quadratically dependent on the magnitude of
the amplitude, exhibits strong modulation in spatial or spectral
domains by interference from sometimes subtle variations of
optical path characteristics.16 In the context of materials and
their interfaces, optical interference plays a crucial role in a
plethora of areas. For example, optical interference served as
the key mechanism generating optical contrast that enabled the
discovery of single-layer graphene,41 as well as the character-
ization of molecular intercalates in 2D materials.42 Further-
more, optical interference modulates the signal strength in
Raman spectroscopy in the characterization of 2D materials.16

Recently it has also been incorporated as a signal enhancement
mechanism for surface- and tip-enhanced Raman spectrosco-
py.43

For 2D, layered, and bulk isotropic materials that are
uniform along the XY directions, the system is defined by a

stack of materials with different thicknesses (di) and refractive
indices (ni,λ) along the Z direction, with i being the layer
number. This produces a 1D optical system that is analytically
solvable. For simple structures with few interfaces, the
reflection, transmission, and multibeam interference can be
accounted for using Fresnel equations.16,41,44 For more
complex structures with multiple interfaces, the transfer matrix
method provides a more compact and general framework to
model arbitrary optical characteristics of the system.45−47 Next,
we used the transfer matrix method to model the Raman
response of a chemically modified elastomer surface.
Figure 4 shows the schematics of our optical model and the

results of the calculations by using the transfer matrix method.
Figure 4a depicts the structural model of our system with three
layers and one nanoscale interfacial layer between two semi-
infinite media of air and PDMS. Bare PDMS was used as the
reference system to calculate the intensity ratio. In this model,
the most important optical parameters are the refractive index
and thickness of the interfacial layer. We systematically varied
the values of these two parameters and predicted the Raman
intensity ratio with respect to the reference case. Figure 4b
shows the results of this exhaustive mapping of the two-
dimensional parameter space and provides a comprehensive
overview of the spectral behavior of interfacial interference.
Physically, this model predicts a general behavior that, as the

interfacial layer gets thicker and/or denser, the Raman
intensity decreases as compared to bare PDMS. To illustrate
this behavior, Figure 4c shows the Raman intensity progression
as the interfacial layer thickness dinter grows from 0 to 30 nm
with an assumed refractive index of 1.4572 (corresponding to
the vertical line section “(c)” indicated in Figure 4b). Figure 4d
shows the Raman intensity progression as the interfacial layer’s
refractive index ninter changes from 1.00 to 1.50 with an
assumed thickness of 30 nm (corresponding to the horizontal
line section “(d)” indicated in Figure 4b). In both cases, the
Raman intensity is suppressed to about 0.80 of the reference
level, in quantitative agreement with our experimental
observations. We note that both line sections of thickness
dinter and refractive index ninter cover ranges that are too wide to
be physically realistic for the PDMS interfacial layer. A
physically reasonable scenario is qualitatively represented by
the solid line in Figure 4b, in which both parameters of the
interfacial layer evolve together, along an overall diagonal
trajectory in the 2D parameter space from the lower left region
(smaller dinter and ninter) toward the upper right region (larger
dinter and ninter). Put another way, both interfacial thickness and
refractive index evolve together during surface modifications,
and they compensate for each other by altering the optical path
length such that a 20% intensity variation is produced with
each parameter spanning a small range.
Chemically, our optical interference model provides

guidance for the structural interpretation of interfacial
reactions in PDMS surface modifications. Revisiting Figure 1,
the surface activation by oxygen plasma treatment creates a
porous glassy layer on the PDMS surface.29 This porous glassy
layer is a random network of silica units with molecular scale
voids resulting from the removal of methyl groups in PDMS.
When exposed to capping molecules to generate the surface
chemical gradient, the organic long-chain silane molecules
impregnate the glassy layer and bond into the silica network via
condensation reactions. This reaction produces the following
effects. First, the molecular scale voids become filled with
silane with long-chain hydrocarbons. This increases the local

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c01620
J. Phys. Chem. Lett. 2024, 15, 8467−8476

8473

pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


effective refractive index. Second, the incorporation of organic
silanes reduces the average connectivity of the silica network.
Commonly, silicon atoms are bonded tetrahedrally with four
Si−O bonds in the silica network. Silicon atoms introduced
from the capping group each contribute three Si−O bonds to
the network. After the reaction, the local silica network hosts
more silica units with reduced bond connectivity on average,
leading to a volume expansion at the nanoscale and an increase
in the thickness of the interfacial layer.
The validity of our optical model is further tested in

predicting the wavelength (or equivalently the Raman shift)
dependence of the Raman intensity ratio, as shown in Figure
4e,f. Our previous discussions focused on the C−H symmetric
and asymmetric stretching of methyl groups as strong
representative modes. We now extend our investigation to
broader spectral regions. Moving toward lower frequencies, we
consider CH3 asymmetric bending, Si−C symmetric stretch-
ing, Si-CH3 symmetric rocking, Si−O−Si symmetric stretch-
ing, C−Si−C/C−Si−O deformation, and Si−C torsion/C−
Si−C twisting modes (Additional information on correspond-
ing modes can be found in the Supporting Information Figure
S2 and Table S1). Incorporating wavelength-dependent
refractive indices, we map the 2D parameter space of the
interfacial layer thickness and Raman shift, as shown in Figure
4e. We compare experimentally observed intensity ratios across
the modes with respect to our model predictions and find good
agreement, as shown in Figure 4f (Supporting Information
Figure S8). The above structural and spectral investigations
show that our optical modeling of interference quantitatively
captures the observed effects of surface chemical modification
on its Raman response.
Finally, we note that the optical interference mechanism of

spectroscopic contrast is, in principle, universally applicable to
different materials and molecules. This opens the possibility of
probing the surface chemical states of elastomer devices under
fluid mediums in situ or even operando. In practice, the caveat
is that the identification of surface chemical states via spectral
intensity relies on the dielectric contrast between the mediums.
As an example, we investigate the PDMS interface underwater
(Supporting Information Figure S7). Replacing air with water
reduces the contrast of refractive indices against PDMS and its
interface. Consequently, we predict a finite, albeit small,
intensity modulation of a few percent. While this narrow
margin will be challenging to quantitively measure in practice,
we envision that additional layer(s) in the stack structure will
enhance the interference effect and enable in situ or operando
measurements.
In summary, we observed systematic spectral variations from

modified elastomer surfaces with a chemical gradient. The
more heavily chemically modified regions become more
hydrophobic and exhibit further suppressed Raman intensity.
Interestingly, only the scattering intensity varies with the
chemical gradient; the frequencies and line widths of all modes
remain invariant. A simple proportional accounting of the
Raman scattering intensity to the underlying molecular content
fails to explain the experimental findings. Optical interference
produced by the chemically created interfacial layer at the
nanoscale quantitatively reproduces the observed spectral
behaviors. Analysis of the interfacial layer optical parameters
points to molecular filling and swelling of the interfacial glassy
layer of the chemically treated elastomer surface. Sensitive
characterization of local chemical states of the elastomer
surface has been challenging, given the interfacial complexity as

well as light molecular components and labile bonding. Our
work provides a facile noncontact optical method to probe the
local chemical states of the elastomer interface at the micro and
nanoscale. These findings reflect an informationally rich
interplay between interfacial nanostructure and the distribution
of chemical species within it, hinting at future implementations
of this technique that can access greater levels of functional
group specificity (e.g., those reflected by differences in
dielectric permittivity) as well as the opportunity for optimized
multidimensional space mapping.
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