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Screening of Hydrogen Bonding Interactions by a Sin-
gle Layer Graphene
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A single layer of graphene when transferred to a solid substrate has the ability to screen or transmit
interactions from the underlying substrate, which has direct consequences in applications of this
2D material to flexible electronics and sensors. Previous reports using a multitude of techniques
present contradictory views on graphene’s ability to screen or transmit van der Waals (vdW) and
polar interactions. In the present study, we use interface-sensitive spectroscopy to demonstrate
that a single layer graphene is opaque to hydrogen bonding interactions (a subset of acid-base
interactions), answering a question that has remained unresolved for a decade. Similar frequency
shifts of sapphire hydroxyl (OH) for graphene-coated sapphire in contact with air and polydimethyl-
siloxane (PDMS) demonstrate the insensitivity of sapphire OH to PDMS. The screening ability of
graphene is also evident in the smaller magnitude of this frequency shift for graphene-coated
sapphire in comparison to that for bare sapphire. The screening of acid-base interactions by a
single layer graphene results in the significant reduction of adhesion hysteresis for PDMS lens
on graphene-coated substrates (sapphire and silicon wafer, SiO2/Si) than bare substrates. Our
results have implications in the use of PDMS stamps to transfer graphene to other substrates
eliminating the need for a wet-transfer process.

1 Introduction
Graphene, a single-atom-thick sheet of carbon atoms arranged
in a hexagonal lattice, is a fascinating material for understand-
ing the physics of two-dimensional (2D) materials and for use in
many technological applications.1,2 Its unique 2D structure, high
surface area, optical transparency, and unprecedented electrical,
mechanical, and thermal properties make it an attractive mate-
rial for fabricating transparent, flexible electronics and sensors.3,4

The use of graphene, the thinnest known material (0.34 nm), as
a conformal coating opens up interesting pathways for surface
modification of materials. For instance, addition of a graphene
layer on copper (Cu) is known to prevent its atmospheric oxi-
dation.5 Additionally, in most practical applications, graphene is
typically supported on an underlying substrate. Thus, the ques-
tion on how the substrate supporting the graphene layer influ-
ences the interactions of graphene with other media has been of
significant interest in the past decade.

A technique that has been widely employed in the literature
to determine the transparency of graphene (i.e. the extent to
which graphene influences interactions between the underlying
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substrate and media on other side) is contact angle measurements
with water and other liquids. However, results from studies uti-
lizing the same approach present controversial ideas on trans-
parency of graphene. For instance, while the first report by Rafiee
et al. suggested complete wetting transparency of graphene for
substrates interacting primarily via van der Waals (vdW) interac-
tions,6 later work by several researchers suggested partial wetting
transparency to complete wetting opacity.7–11 The transparency
of graphene still remains an unresolved topic as Belyaeva et al.
recently showed complete transparency of graphene to vdW and
polar interactions,12 while Du et al. reported only 20% trans-
mission of polar interactions.13 The controversy over graphene’s
transparency also prevails in studies utilizing other techniques in-
cluding atomic force microscopy (AFM) and electron backscatter
diffraction (EBSD).14–17 Tsoi et al. inferred complete screening
of vdW interactions by a single layer graphene and molybdenum
disulfide.14 However, Chiou et al. reported different Hamaker
constants on free and supported graphene layers (derived us-
ing bimodal AFM) signifying an influence of the underlying sub-
strate.15 Therefore, more direct spectroscopic approaches would
aid in determining the ability of graphene to shield vdW and polar
interactions.
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Recently, x-ray techniques including x-ray photoelectron spec-
troscopy (XPS) and x-ray photon correlation spectroscopy (XPCS)
have been utilized to understand how the addition of graphene
on an underlying substrate influences adsorption.18–20 Presel et
al. employed combined experimental XPS and theoretical ap-
proach to study adsorption of carbon monoxide (CO) and argon
(Ar) and concluded 50% transmission of vdW interactions.18 In
another study, adsorption of water was found to be fully dom-
inated by water-substrate interactions.19 Additionally, surface-
sensitive non-linear spectroscopies, second harmonic generation
(SHG) and sum frequency generation (SFG), have been employed
to provide insights into graphene’s ability to screen or transmit
interactions.21–28 SHG results with water and SFG results with
polystyrene on bare and graphene-coated silica suggest partial
to complete opacity of graphene towards intermolecular interac-
tions.22,24,28 Similar conclusions can be derived from structure of
ionic liquids on bare and graphene-coated CaF2 and BaF2 sub-
strates, and water structure on bare and graphene-coated sap-
phire.21,25,26 However, adsorption of 1-hexanol from cyclohexane
on bare and graphene coated alumina,23 and water structure on
bare and graphene-coated CaF2 and silica substrates indicated neg-
ligible effect of the graphene layer.27 All these studies indirectly
analyze the effect of graphene by comparing spectral signatures
across bare and graphene-coated substrates. However, the strong
dependence of SFG signals on orientation could influence the con-
clusions derived thereby necessitating the need for a direct molec-
ular probe for resolving this ongoing debate over transparency of
graphene.

Spectroscopic shifts, originally proposed by Badger and Bauer,
offer a unique way to determine the nature and strength of inter-
molecular interactions.29–35 Kurian et al. and Wilson et al. com-
bined this concept with surface-sensitive SFG to examine interfa-
cial interactions between hydroxylated sapphire and various non-
polar/polar liquids and polymers.36,37 The frequency shift (∆ν)
of sapphire surface hydroxyls (OH) provided a direct measure of
interaction strength. Weak vdW interactions shifted the sapphire
OH peak by only 20-30 cm−1 with respect to its position in air,
while strong acid-base interactions (a broad term encompassing
hydrogen bonding, donor-acceptor, and electrophile-nucleophile
interactions) shifted the sapphire OH by as much as 120 cm−1.
The interaction energy calculated using the observed frequency
shifts correlated well with that calculated using Drago-Wayland
coefficients signifying the validity of this approach.36–38 Further,
this concept successfully predicted the preferential surface segre-
gation of strongly interacting component from binary liquid mix-
tures, polymer blends, and polymer solutions, consistent with ex-
perimental and simulation results.39–42 The differences in the fre-
quency shift of sapphire OH peak in contact with another media
with or without graphene layer could provide direct evidence of
graphene’s transparency towards vdW and polar interactions.

In the present study, we investigate the ability of graphene
to screen acid-base interactions between polydimethylsiloxane
(PDMS) and hydroxylated sapphire (and silicon wafer, SiO2/Si)
using a combination of adhesion and interface-sensitive spec-
troscopy measurements. PDMS-sapphire and PDMS-SiO2/Si were
chosen because it is well known that acid-base interactions be-
tween weakly basic siloxane (Si-O-Si) groups of PDMS and acidic
OH groups of sapphire (or SiO2/Si) result in a significantly high
adhesion hysteresis (i.e. work done in separating the two surfaces
from adhesive contact is larger than the work done in bringing
the two surfaces in contact).43,44 A comparison of the differences
between bare and graphene-coated substrate in terms of adhesion

Fig. 1 (a) Representative Raman spectra of the graphene layer transferred
onto SiO2/Si and sapphire substrates. Multiple spots on the same sample
are inspected to check for spot-by-spot variance. An intensity ratio of >1.5
for 2D (2695 cm−1) and G (1585 cm−1) peaks along with a negligible D
(1350 cm−1) peak indicates that the transferred graphene is of good quality
with minimal defects. (b) and (c) AFM topographic images of the bare and
graphene-coated SiO2/Si substrates, respectively. Scale bar: 2 µm.

behavior and sapphire OH peak shifts would provide a clear under-
standing of graphene’s transparency. Our adhesion results indicate
a significant reduction in adhesion hysteresis for graphene-coated
substrates, indicating the screening of acid-base interactions by a
single layer of graphene. Similar sapphire OH frequency shifts for
graphene-coated sapphire in contact with both air and PDMS indi-
cate the insensitivity of sapphire OH to PDMS. Additionally, the rel-
atively small frequency shift of sapphire OH in contact with PDMS
for graphene-coated sapphire as compared to bare sapphire further
corroborates the opaqueness of graphene to acid-base interactions
of the underlying substrate. Our results would benefit the scien-
tific community aiming to understand transparency of graphene
and also provide an interesting avenue to quantify PDMS-graphene
adhesive interactions crucial for realizing large-scale roll-to-roll
transfer of graphene using PDMS stamp.45–49

2 Results
2.1 Graphene Characterization
We determine the quality of our monolayer graphene transferred
onto SiO2/Si and sapphire substrates using Raman spectroscopy
in order to ensure that the transparency of our graphene is not
influenced by defects.17,50 Figure 1a shows the representative Ra-
man spectra of graphene layer transferred onto SiO2/Si and sap-
phire substrates, which show prominent peaks at 1585 cm−1 and
2695 cm−1 known as the G and 2D peaks, respectively.51 Absence
of D peak at ∼1350 cm−1 indicates that the transferred graphene
is defect free. The calculated ratio of intensity for 2D and G peaks
(I2D/IG>1.5) along with a narrow full width half maxima (FWHM)
of 2D peak confirms the presence of a good quality monolayer
graphene. We further evaluate the conformality of graphene to
the underlying substrates by collecting AFM topographical images
of bare and graphene-coated substrates (Figure 1b, c). The AFM
image of graphene-coated SiO2/Si appears very similar to that of
the underlying SiO2/Si substrate with very few wrinkles caused
by the wet transfer technique.51 The calculated root mean square
(RMS) roughness values for graphene(Gr)/SiO2/Si (77±15 pm)
and SiO2/Si (59±6 pm) are similar, providing evidence of confor-
mal contact between graphene monolayer and the underlying sili-
con wafer. Similar roughness values are observed for bare (63±9
pm) and graphene-coated (82±15 pm) sapphire substrates (Figure
S1, †ESI).
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2.2 Adhesion Measurements
We perform adhesion measurements using a custom-designed

JKR setup (Figure 2a),52,53 where a soft elastomeric PDMS lens
is brought in contact with bare (or graphene-coated) substrates.
After loading the lens to a maximum preload of 1 mN and equili-
brating for 3 min, the PDMS lens is retracted at a constant speed of
60 nm/s until pull-off event occurs before complete detachment.
During both loading and unloading, force (F) and contact area are
recorded simultaneously. The loading curve is fit with Equation 1
to calculate Wa from loading. Since it is difficult to obtain a good fit
for the unloading data, we use the pull-off force (Fpull−o f f ) to cal-
culate Wa during unloading using Equation 3. Figure 2b shows the
contact radius cube (a3) vs. load (F) plot for 1.9 MPa PDMS lens
on Gr/SiO2/Si (pink circles) and bare SiO2/Si (black triangles)
during loading (or approach) and unloading (or retraction). For
Gr/SiO2/Si, the unloading curve follows a path similar to loading.
However, for bare SiO2/Si, the unloading curve follows a different
path compared to loading indicating significantly larger amount of
adhesion hysteresis (i.e., work done in separating the PDMS and
SiO2/Si surfaces is larger than the work done in bringing them in
contact). Additionally, the higher strain energy release rate (G, cal-
culated by solving Equation 1 at each data point (Figure S2, †ESI))
from unloading as compared to loading also highlights this large
adhesion hysteresis. The moduli of PDMS lenses has a negligible
effect on the adhesion behavior as similar results are observed for
0.7 MPa PDMS lenses (Figure S3, †ESI). The adhesion results ob-
tained for 1.9 MPa PDMS lenses on graphene-coated (red circles)
and bare sapphire (blue squares) substrates (Figure 2c) are consis-
tent with trends observed with graphene-coated and bare SiO2/Si.

The Wa values obtained from loading and pull-off data for PDMS
lenses tested on bare and graphene-coated SiO2/Si and sapphire
substrates are summarized in Figure 2d. The Wa values obtained
from loading for Gr/SiO2/Si and SiO2/Si are 46±5 mJ/m2 and
55±2 mJ/m2, respectively. Similar Wa values are obtained for un-
coated and graphene-coated sapphire substrates. Interestingly, the
effect of graphene is more evident in the Wa values obtained from
pull-off measurements. For Gr/SiO2/Si, the Wa obtained from pull-
off is 64±2 mJ/m2, a value not very different from that obtained
from loading implying a low adhesion hysteresis. The amount
of adhesion hysteresis for Gr/SiO2/Si (17±4 mJ/m2) is similar
to the inherent hysteresis of PDMS lenses (18±6 mJ/m2) mea-
sured by testing them on octadecyltrichlorosilane (OTS)-coated sil-
icon wafers (Games-Howell test, p-value=0.94, Figure S4, †ESI).
However, for SiO2/Si substrate, the Wa calculated from pull-off is
360±5 mJ/m2 (∼6 times the value obtained from loading) indi-
cating a large adhesion hysteresis, consistent with literature.43,44

Same is true for bare and graphene-coated sapphire, except for
a slightly larger adhesion hysteresis for graphene-coated sapphire
than graphene-coated SiO2/Si. The high adhesion hysteresis ob-
served for bare substrates has been attributed to acid-base interac-
tions between the acidic surface Si-OH (or Al-OH) groups of silicon
wafer (or sapphire) and weakly basic siloxane (Si-O-Si) groups of
PDMS.43,44 The low adhesion hysteresis observed for graphene-
coated substrates would thus indicate screening of polar acid-base
interactions by a single layer graphene.

2.3 Spectroscopic Measurements
To provide direct evidence of graphene’s ability to screen acid-base
interactions, we use SFG to examine the contact interface between
PDMS and graphene-coated (or bare) sapphire. Before bringing
PDMS lens in contact, we collect SFG scans for air-Gr/sapphire
and air-sapphire (Figure 3a). The air-sapphire SFG spectrum (red

circles) in PPP polarization shows a peak at ∼3708±3 cm−1, at-
tributed to the O-H stretch vibration of the sapphire surface OHs
not participating in any interactions (or referred to as sapphire
free OHs).36,37,39 In contact with graphene, the sapphire OH
peak shifts to 3644±7 cm−1 (i.e. frequency shift of 65±9 cm−1,
which is similar to 56±13 cm−1 observed for benzene in contact
with sapphire37,39) due to interactions between sapphire OHs and
graphene. The observed frequency shift is comparable to that re-
ported by Ohto et al. for water free OD in contact with graphene at
the air-water interface.54 Part of the sapphire free OH peak persists
even when graphene is in contact with sapphire due to either the
inability of all sapphire OHs to interact with graphene or incom-
plete conformal contact. No C-H signatures are observed in the
air-Gr/sapphire SFG spectrum confirming a clean graphene sur-
face.

When PDMS lens is brought in contact with graphene-coated
sapphire (Figure 3b), we observe s-CH3 (∼2910 cm−1) and as-
CH3 (∼2965 cm−1) signatures attributed to PDMS in the C-H vi-
brational region (2750–3100 cm−1) confirming that we are in-
deed probing the contact interface.55 Interestingly, the shifted
sapphire OH peak position for graphene-coated sapphire in air
(3643±8 cm−1) and in contact with PDMS (3638±4 cm−1) are
similar (t-test, p-value=0.22), suggesting that the sapphire OH
is not influenced by presence of PDMS (Figure S5, †ESI). Ad-
ditionally, the relative amplitude (Aq) of sapphire free OH peak
(∼3708 cm−1) to the shifted sapphire OH peak (∼3640 cm−1)
does not vary (t-test, p-value=0.40) for graphene-coated sapphire
in contact with air (0.25±0.06) and PDMS (0.22±0.06) across
multiple repeats. The screening effect of graphene is much more
evident when comparisons are made to the PDMS-sapphire con-
tact spectrum, which shows a significantly higher shifted sapphire
OH peak (3606±17 cm−1) due to strong acid-base interactions be-
tween sapphire OHs and siloxane groups of PDMS.37,39 The low
frequency shift for graphene-coated sapphire (70±5 cm−1) com-
pared to bare sapphire (106±19 cm−1) in contact with PDMS il-
lustrates screening of acid-base interactions between sapphire OHs
and Si-O-Si groups of PDMS by monolayer graphene. The rela-
tive intensity of s-CH3 and as-CH3 peaks of PDMS differs across
PDMS-Gr/sapphire and PDMS-sapphire, which could be due to dif-
ferences in orientation of methyl groups at the two interfaces.

3 Discussion
Our study clearly illustrates that a single layer graphene is suffi-
cient to screen acid-base interactions of the underlying substrate
(SiO2/Si and sapphire), an unresolved topic in the past decade.
The screening of acid-base interactions from the underlying sub-
strate by a single layer graphene is evidenced by comparisons
of adhesion behavior, especially during unloading, and spectro-
scopic shifts for bare and graphene-coated substrates. Our exper-
imentally measured Wa between PDMS and graphene deposited
on two different substrates (46-59 mJ/m2) from loading is in
agreement with PDMS-graphene Wa reported in literature (41-44
mJ/m2, calculated using polar and dispersive surface energy com-
ponents of contacting surfaces derived from contact angle mea-
surements).47,49 However, similarity in the loading Wa values for
bare and graphene-coated substrates makes it challenging to in-
terpret the transparency of graphene from loading behavior. The
screening ability of monolayer graphene, especially to acid-base
interactions, is more evident from the unloading behavior, i.e.,
the significant reduction in the acid-base interactions-driven adhe-
sion hysteresis for graphene-coated substrates relative to bare sub-
strates. For instance, the addition of a single layer graphene onto
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Fig. 2 (a) Schematic of the JKR apparatus used for adhesion experiments. The different components are labeled for clarity. (b) Adhesion measurements
during approach (open markers) and retraction (solid markers), where a3 vs. load (F) data is plotted for 1.9 MPa PDMS lenses on Gr/SiO2/Si (pink
circles) and SiO2/Si (black triangles) substrates. (c) Adhesion measurements during approach (open markers) and retraction (solid markers), where a3

vs. load (F) data is plotted for 1.9 MPa PDMS lenses on Gr/sapphire (red circles) and sapphire (blue squares) substrates. (d) Comparison of mean Wa
values calculated from loading (by fitting the loading data using Equation 1) and pull-off (calculated using Equation 3) for uncoated and graphene-coated
SiO2/Si and sapphire substrates. Error bars indicate ±1 standard deviation.

Fig. 3 (a) Representative SFG spectra collected using PPP polarization (P-polarized SFG, P-polarized visible, and P-polarized IR) for air-sapphire
(red open circles) and air-Gr/sapphire (blue open triangles). (b) Representative PPP SFG spectra collected for PDMS-sapphire contact (red open
circles) and PDMS-Gr/sapphire contact (blue open triangles). The solid lines in both (a) and (b) represent fits obtained by fitting raw data using the
Lorentzian equation (Equation 4). Insets show schematics of the experimental geometry used for probing air-Gr/sapphire and PDMS-Gr/sapphire
contact interfaces.
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SiO2/Si (or sapphire) substrate reduces adhesion hysteresis from
∼300 mJ/m2 (or ∼270 mJ/m2) to ∼20 mJ/m2 (or ∼40 mJ/m2).
This small difference in adhesion hysteresis between graphene-
coated SiO2/Si and sapphire could be due to either a subtle dif-
ference between the two underlying substrates (SiO2/Si and sap-
phire) or the quality of the graphene coating (wrinkles/folds)
transferred on the two substrates.

The large adhesion hysteresis observed for PDMS lenses in con-
tact with oxide surfaces (such as SiO2 and sapphire) has been
reported previously in the literature.43,44,56,57 Choi et al. also
showed that the Wa during approach is not different for the
adhesion of a PDMS lens to surfaces functionalized with self-
assembled monolayers having varying concentrations of polar OH
headgroups.58 However, in their experiments, the adhesion hys-
teresis increased with an increase in concentration of surface OH
groups. PDMS is a hydrophobic polymer with its surface primar-
ily covered by methyl (CH3) groups.59 It has been proposed that
the PDMS chains near the interface rearrange to allow formation
of acid-base interactions between the surface hydroxyl groups and
the siloxane repeat units, resulting in high adhesion hysteresis or
higher values of strain energy release rate (G) from unloading
than loading (Figure S2, †ESI).43 The addition of a single layer
of graphene dramatically reduces adhesion hysteresis, thus pro-
viding direct evidence of the disruption of acid-base interactions
between the surface Si-OH (or Al-OH) groups and siloxane groups
of PDMS. These results are consistent with the hypothesis that dur-
ing approach, the interactions of PDMS with polar substrates are
dominated by vdW interactions.

The influence of strong acid-base interactions between sapphire
and PDMS is also manifested in the high frequency shift of sap-
phire OH for bare sapphire (106±19 cm−1) in contact with PDMS.
This shift is significantly higher than the expected frequency shift
based on solely vdW interactions (∼20-30 cm−1).36,37 By multi-
plying the number density of sapphire OH (n) and the enthalpy of
PDMS-sapphire interactions (∆H, calculated using the frequency
shift via the Badger-Bauer equation), i.e., n*∆H, we calculate the
PDMS-sapphire work of adhesion to be 70±12 mJ/m2.29,36,39,40,60

The contribution of acid-base interactions to the work of adhesion
between PDMS and silica gel has been previously determined by
measuring the heat of adsorption using calorimetry (16 mJ/m2).58

The Wa calculated by adding the loading Wa (52 mJ/m2, domi-
nated by vdW interactions) and the acid-base Wa (16 mJ/m2) is
similar to the value estimated from our spectroscopy experiments
(70±12 mJ/m2). However, this Wa is much smaller than the mea-
sured Wa value from unloading (∼320 mJ/m2). The experimen-
tally measured high Wa (or G) from unloading is due to the energy
dissipated both in stretching of polymer chains at the interface
(Lake-Thomas effect) and in breaking acid-base interactions (in-
cluding hydrogen bonds) during crack propagation (unloading).58

The energy dissipated in stretching of chains has been shown to be
a strong function of velocity.61 Furthermore, even a velocity as low
as 60 nm/s (during unloading cycle) is not sufficient to eliminate
the energy dissipated in chain stretching in these experiments.62

Addition of a single layer of graphene eliminates the contribution
of the acid-base interactions (as reflected in the lower frequency
shift of sapphire OH for graphene-coated sapphire than bare sap-
phire) to G, resulting in a low adhesion hysteresis.

The screening of acid-base interactions by a single layer
graphene is also discernible from similar frequency shifts of sap-
phire OH for graphene-coated sapphire in contact with air and
PDMS. It is important to underline that our approach used to de-
termine screening ability of graphene is based on a direct spectro-

scopic method while minimizing the influence of adsorbed con-
taminants and non-conformality of graphene to the underlying
substrate.6,10,12,13 This approach overcomes the limitations inher-
ent to the widely reported contact angle measurements method
(to determine the influence of a single graphene layer). Thus,
we can conclude that interactions of graphene with other media
are not fully governed by the underlying substrate, especially for
substrates interacting via acid-base interactions. Our results have
ramifications for applications of graphene as a conductive coating
for flexible touch screens, chemical sensors and bio-sensors, and
supercapacitors.46,63–65 The performance of such devices can now
be tuned to the interactions between graphene and other media
(ions, gases, liquids, proteins) knowing there is little influence of
the underlying substrate.

4 Conclusions
In this study, we provide molecular-level evidence of graphene’s
ability to screen hydrogen bonding interactions (a subset of acid-
base interactions) from the underlying substrate, settling a de-
bate that has remained unresolved for a decade. Using interface-
sensitive spectroscopy, we demonstrate that a single layer of
graphene screens acid-base interactions between oxide surfaces
and PDMS. The screening of acid-base interactions is also evi-
dent in almost complete elimination of adhesion hysteresis for
PDMS on graphene-coated glass and sapphire substrates. Our re-
sults have important implications in various technological applica-
tions of graphene, including flexible electronics and sensors, where
graphene is typically supported on an underlying substrate. In ad-
dition, our work highlights that a single layer of graphene can be
used to alter surface interactions in adhesion science.

5 Materials and Methods

5.1 Graphene Transfer and Characterization

5.1.1 Wet Transfer of Graphene

A 60 mm × 40 mm sample of chemically vapor deposited
(CVD) monolayer graphene grown on Cu foil with a sacrificial
poly(methyl methacrylate) (PMMA) coating was purchased from
Graphenea Inc. Both silicon wafer (SiO2/Si) and sapphire sub-
strates were cleaned prior to graphene transfer. The silicon wafers
were cleaned using a Piranha solution with 3:7 ratio of 30% hydro-
gen peroxide (H2O2) and concentrated sulfuric acid (H2SO4). Cau-
tion should be exercised while handling Piranha solution as the reac-
tion is highly exothermic. Afterwards, the silicon wafers were rinsed
with copious amount of deionized water. The sapphire substrates
were cleaned using sequential sonication with toluene, chloro-
form, acetone, ethanol, and water for at least 1 h each. Just before
using, the silicon wafers and sapphire substrates were dried with
nitrogen and plasma sterilized for 5 min (Harrick Plasma PDC-
32G). Before transferring the monolayer graphene onto the clean
silicon wafer (or sapphire plate), the partially removed bottom
layer of graphene on Cu foil was etched using a solution of 8:1:1
water, H2O2, and concentrated hydrochloric acid (HCl) (following
recommendation from Graphenea Inc). Afterwards, the Cu foil was
etched using a 0.1 M ammonium persulfate solution for 12 h.50

Once the Cu foil was completely etched out, the PMMA/graphene
film was first rinsed thrice with ultrapure water (Millipore filtra-
tion system with a resistivity of 18.2 MΩ·cm) and then transferred
onto the clean SiO2/Si (or sapphire) substrate. The sample was
allowed to dry in ambient atmosphere overnight and then vacuum
dried at 140◦C for 3 h to improve the adhesion between graphene
and underlying substrate, and to facilitate PMMA removal using
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dissolution with acetone for 12 h.50 The transferred monolayer
graphene on SiO2/Si (or sapphire) was characterized using Ra-
man spectroscopy and atomic force microscopy (AFM) to check
for defects and conformality to the substrate.

5.1.2 Graphene Characterization

Raman spectrum of the graphene transferred on the SiO2/Si (or
sapphire) substrate was obtained using the Renishaw InVia Raman
microspectrometer with a 514 nm excitation laser and 50× ob-
jective lens to evaluate the quality of graphene. Multiple Raman
spectra were collected at different spots on the sample to check for
spot-by-spot spectral variance. Additionally, topographic images
of the transferred CVD graphene on bare and graphene-coated
SiO2/Si and sapphire substrates were collected using AFM (Bruker
Dimension Icon) in the non-contact mode to evaluate the confor-
mality of graphene to the underlying substrate. Multiple spots on
different samples were tested in each category to calculate the root
mean square (RMS) roughness of bare and graphene-coated sub-
strates.

5.2 Work of Adhesion Measurements

5.2.1 Graphene Surface Cleaning

Since it has been well established that it is hard to get rid of all
of PMMA with acetone, the graphene supported on SiO2/Si (or
sapphire) substrate was subjected to thermal annealing at 450◦C
for at least 1 h under a 10:1 flow of Argon (Ar): Hydrogen (H2),
where the Ar flow rate was set to 1 L/min to remove any remaining
contaminants.10,50 The sample was allowed to cool down to room
temperature under an inert atmosphere of Ar. To prevent further
adsorption of contaminants, the samples were either immediately
used for adhesion measurements or stored in ultrapure water and
dried with nitrogen just before adhesion measurements.10,26,66

5.2.2 Preparation of PDMS Hemispherical Lenses

Optically transparent hemispherical PDMS lenses of radius 1-2 mm
diameter with two different moduli (0.7 and 1.9 MPa) were pre-
pared using the protocol described by Dalvi et al.53 To minimize
the influence of uncross-linked PDMS chains on the adhesion re-
sults, the PDMS lenses were Soxhlet extracted using toluene for
2 days. Before performing adhesion measurements, the PDMS
hemispheres were tested for inherent hysteresis by testing them
against a low-surface energy octadecyltrichlorosilane (OTS) mono-
layer coated silicon wafer (water contact angle ∼110◦). The ad-
hesion results with OTS-PDMS demonstrated negligible adhesion
hysteresis (difference in the works of adhesion calculated from
approach and retraction) due to viscoelasticity (Figure S4, †ESI),
thus confirming the removal of any uncrosslinked oligomers.

5.2.3 Adhesion Measurements

A custom-built JKR apparatus, described in previous publica-
tions,52,53 was used to measure the work of adhesion (Figure 2a).
Briefly, a PDMS elastomeric lens with a height greater than 700
µm (to avoid the effect of underlying substrate) was adhered on
a glass arm and then carefully brought in contact with uncoated
and graphene-coated SiO2/Si (and sapphire) substrates mounted
on the load cell with a computer-controlled high resolution New-
port picomotor. After confirming contact between the PDMS lens
and the sample, the system was loaded to a maximum normal force
of 1 mN at a constant loading speed of 60 nm/s. After providing
an equilibration time of 3 min, the system was unloaded at a con-
stant velocity of 60 nm/s until the PDMS lens detached from the
sample. During loading and unloading, force (F) and contact area

were recorded simultaneously with the help of a load cell and an
Olympus optical microscope, respectively. A minimum of 3 mea-
surements were performed on each sample and at least 2 different
samples were tested to obtain the average work of adhesion from
the JKR analysis.

5.2.4 Analysis of Adhesion Data

The experimental force (F) vs. contact radius (a) curve obtained
during loading was fit with the JKR equation67 (Equation 1) us-
ing Igor Pro 8, where radius of the PDMS lens (R) is the known
parameter (measured using optical microscope) and the thermo-
dynamic work of adhesion (Wa) and the effective elastic modulus
(E∗) are unknown parameters. E∗ can be calculated using both
the modulus (E) and Poisson’s ratio (ν) of PDMS elastomer and
Gr/substrate, respectively (Equation 2).68

a3 =
3R

4E∗

(
F +3WaπR+

√
6WaπRF +(3WaπR)2

)
(1)

1
E∗

=
1−ν2

PDMS
EPDMS

+
1−ν2

Gr/Substrate

EGr/Substrate
(2)

The unloading data was difficult to fit with Equation 1, thus,
we use the pull-off force (Fpull−o f f ) observed during unloading to
calculate the Wa using Equation 3. In addition, we plot the strain
energy release rate (G) as a function of contact area (Figure S2,
†ESI) to express our experimental contact data from the viewpoint
of fracture mechanics. The value of G (or Wa) at each point dur-
ing loading and unloading was obtained by solving the Equation 1
using experimentally measured values of F , R, and a, and value of
E∗ obtained from fit of loading data .

Fpull−o f f =−
3
2

πWaR (3)

5.3 SFG Measurements

5.3.1 Cleaning Procedure

Equilateral sapphire prisms (Meller Optics Inc.) were first baked
at 760◦C in a quartz tube furnace for at least 3-4 h. Afterwards,
the prisms were sonicated (Branson 1510 Utrasonic Cleaner) in a
series of solvents including toluene, chloroform, acetone, ethanol,
and ultrapure water for at least 1 h per solvent to remove any ad-
sorbed contaminants. The prisms were dried with nitrogen and
plasma sterilized for 5 min before either assembling onto the SFG
contact cell (using a Teflon spacer) or graphene transfer by the
wet transfer approach.50 The graphene-coated sapphire prism was
cleaned via thermal annealing under a 10:1 flow of Ar:H2 at 450◦C
for at least 1 h.10,50 Subsequently, the graphene-coated sapphire
prism was cooled to room temperature under Ar atmosphere and
immediately assembled onto the contact cell (cleaned by sonica-
tion with toluene and chloroform followed by atmospheric plasma
treatment for 5 min just before use).

5.3.2 SFG Procedure

SFG spectra were acquired using a picosecond Spectra-Physics
laser system, details of which have been described else-
where.26,52,55 Briefly, it involves the overlap of a tunable wave-
length IR beam (∼3.5 µJ, 1 ps pulse width, and 1 kHz repetition
rate) and a fixed 800 nm wavelength visible beam (∼70 µJ, 1 ps
pulse width, and 1 kHz repetition rate) at the interface of inter-
est. The resonantly-enhanced SFG signals provide information on
the chemical identity and orientation of molecular species at an
interface. An incidence angle of 42◦ (with respect to the sapphire

6 | 1–8Journal Name, [year], [vol.],



surface normal) for the IR beam was used to probe the air-sapphire
and air-Gr/sapphire interfaces in total internal reflection (TIR) ge-
ometry, while an incidence angle of 10◦ was used to investigate the
PDMS-sapphire and PDMS-Gr/sapphire contact interfaces. The in-
cidence angle of the visible laser beam was ∼1.5◦ lower than that
of the IR beam. Additional details on probing the contact inter-
face using SFG can be found in previous studies.52,55 SFG spectra
were collected by scanning in C-H (2750 to 3200 cm−1) and O-
H (3100 to 3800 cm−1) vibrational region using PPP polarization
(p-polarized SFG, p-polarized visible, and p-polarized IR) because
of intense SFG signals in this polarization. The SFG spectra pre-
sented in the current study have not been corrected for changes in
Fresnel factors as a function of wavenumber69 and were fit using
a Lorentzian function70

ISFG ∝ |χNR +∑
Aq

ωIR−ωq + iΓq
|2, (4)

In equation 4, χNR describes the non-resonant contribution, that
does not change with scanning wavenumber (ωIR). Aq, Γq, and
ωq are the amplitude strength, damping constant, and resonant
frequency of the qth vibrational resonance, respectively.
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