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ABSTRACT: We investigate the effect of an aqueous environment on
the adhesion of a model acrylic pressure-sensitive adhesive (PSA)
composed of 2-ethylhexyl acrylate-co-acrylic acid. We use probe-tack
adhesion measurements accompanied by in situ imaging of the con-
tact region during bonding and debonding. Within the probe-tack tests,
we use both hydrophilic (piranha and plasma treatment) and
hydrophobic (C,g-silanization) surface treatments to investigate the
contribution of the probe’s surface energy on the underwater adhe-
sion. In examining contact formation in air and underwater, we find that
the presence of water when contact is made leads to different modes of
PSA relaxation and contact formation. For all probes investigated, the
adhesive strength between the PSA and the probe decreases when
measured underwater. Additionally, we observe that the presence of
water during debonding has a more pronounced effect on the adhesive
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strength of the PSA when probed by a hydrophilic surface as opposed to a hydrophobic surface. Using fingering wavelength
analysis, we estimate the surface energy of the PSA in situ and find that when submerged in water, the PSA has a significantly
higher surface energy compared to in air. Therefore, combining the observation of different modes of contact forma-
tion, the increase in surface energy, and the importance of the surface energy of the probe, we suggest that the decrease in
adhesive strength in water can be explained by the hydration of the PSA and by trapped water defects between the PSA and the

probe.
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1. INTRODUCTION

Pressure-sensitive adhesives (PSAs) are a class of adhesives that
bind to a substrate after a light external pressure has been applied.
A PSA can be used effectively to bond on an array of surfaces with
minimal applied pressure but can also be designed to be removed
without leaving an adhesive residue." PSAs are ubiquitous in
everyday life (consider, for example, Scotch tape and Post-it
notes), but they can also be found in electronics,” the automo-
tive industry, and in modern medical items such as wound
dressings and drug delivery patches.” PSAs are also very intricate
materials. They bear a mechanical load to maintain an adhesive
bond and can sustain very large strains (>100%) prior to failure.
The latter is a result from a unique characteristic of PSAs when
compared to other adhesives, such as epoxies. During bonding,
PSAs do not chemically react or change physically. In fact,
unlike all other classes of adhesives, PSAs maintain their state as
a soft, viscoelastic solid during both bonding and debonding.6

In contrast to the general understanding of the adhesion
mechanisms of PSAs in air,” only a limited number of scientific
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reports address how the presence of water affects their per-
formance. Most reports are on the effect of humidity rather
than complete water immersion. Of note, Moon and Foster”
showed that the degree of hydrophobicity of a PSA played an
important role on its performance in humid environment. More
specifically, they suggested that interaction of water molecules
with the surface of a hydrophilic PSA lead to an increase in
lateral forces with an increase in humidity. Recently, Schindler
et al.” reported of probe-tack measurements on an acrylic PSA
composed of 80% ethylhexyl acrylate and 20% methyl meth-
acrylate (MMA), (poly(EHA-stat-20MMA), and performed
X-ray reflectivity measurements at different relative humidities.
Interestingly, they found that the failure mechanisms of
the adhesive were altered upon increase in relative humidity,
and reflectivity measurements indicated enrichment of methyl
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methacrylate at the surface. They found that the maximum
stress during debonding was independent of the relative
humidity; however, the mode of failure changed from internal
to external crack propagation with an increase in humidity.””
In another recent study,'® the surface structure of poly(butyl
acrylate)-based pressure-sensitive adhesive was investigated dur-
ing a drying process. Total internal reflection infrared (IR)
absorption and visible—IR sum-frequency spectroscopies revealed
that acrylic acid causes changes in the orientation of butyl acrylate
at the surface due to favorable hydrogen bonding interactions
with water. These precedents, while limited, demonstrate that a
better understanding of the bonding and debonding mecha-
nisms of PSAs in aqueous environments is needed and could
lead to designing better adhesives, with a positive impact on
extreme weather-resistant, medical, and surgical adhesives.""

There are multiple aspects of the adhesion between a PSA
and a surface that could be affected by an aqueous environ-
ment. For efficient bonding under water, the fluid has to be
displaced from the gap and crevices separating the surfaces. For
example, visible—IR sum-frequency-generation spectroscopy
(SFG) of the PDMS—sapphire interface suggests the presence
of a heterogeneous contact region with trapped water pockets.'”
The SEG peaks indicate dangling —OH groups as well as water
bands at the PDMS—sapphire interface in water. In addition,
normal force measurements revealed lower adhesion for wet
surfaces than dry surfaces. Defante et al.'"*> has shown that in
wet contact, rearrangement of a hydrophobic polymer coating
at grain boundaries also led to trapped water in contact with a
hydrophobic PDMS surface. Zhang et al.'* also presented evi-
dence of chemisorbed interfacial water in the contact region
between a fused silica substrate and a film of poly(methyl silses-
quioxane). Evidence suggests that water diffused through the
interface rather than the bulk, forming hydrogen bonds with
the polymer at the surface. Therefore, surface properties such as
the wettability and roughness of both surfaces would play an
important role in underwater adhesion.

The bulk viscoelastic properties of a PSA define its defor-
mation and are the main contributors to their work of
debonding.'"~*" As a result, any change in the bulk rheological
properties of a PSA upon exposure to water will have important
implications on adhesion. For example, fluid pockets can also
be trapped during contact formation due to the deformation of
a soft coating caused by viscous forces.”””>* Additional experi-
mental parameters are also expected to be important, such as
the immersion time in water prior to contact with the probe,
the dwell condition (time and load), and even the retraction
velocity could cause drag and affect the measured adhesive
properties. For example, the adhesive properties of acrylic PSAs
adhered into polar substrates generally increase with longer
contact times.””*° Part of this increase can be explained by an
increase in contact area (true and nominal) between the PSA
and the substrate over time due to the dynamic relaxation
of the PSA as well as the reorganization within the PSA to
increase the strength of the interface.”>*"*® As a result, to char-
acterize the underwater performance of PSAs, a better
understanding of the individual contributions from the surface
and the bulk properties are necessary, while it is nearly
impossible to completely isolate the two contributions.

Here we show how (1) the presence of water during the
bond-making step leads to different modes of contact forma-
tion and relaxation between the PSA and the probes and that
(2) the presence of water leads to a more pronounced decrease
in adhesion from a hydrophilic probe than from a hydrophobic

one. The experiments are performed with an acrylic PSA
(a cross-linked copolymer of 2-ethylhexyl acrylate and acrylic
acid). Acrylic PSAs are common, and their performance and
mechanisms for debonding in air are well-characterized, making
them a good model system to study underwater adhesion.
We perform adhesion measurements in the sphere—plane con-
figuration where the interacting surfaces are completely sub-
merged in water, and we can image the contact formation and
debonding using an inverted microscope. In particular, we
investigate how the wetting properties of the probe have a
pronounced effect on the underwater performance of the PSA.
Finally, we propose possible mechanisms to explain how water
alters the adhesive properties of the PSA that are supported by
our experimental results. To the best of our knowledge, this is
the first report on the effect of how water affects the bond
formation and adhesion of acrylic PSAs.

2. MATERIALS AND METHODS

2.1. Materials and Sample Preparation. Solvent-Based PSA
Synthesis. Model pressure-sensitive adhesives based on copolymers of
2-ethylhexyl acrylate (2-EHA) and acrylic acid (AA) are prepared by
radical polymerization. The monomers are mixed with ethyl acetate, as
reaction solvent, at a concentration of 30 wt % and followed by the
addition of VAZO 67, as thermal radical initiator, at a concentration of
0.3 wt % in amber, narrow necked pint bottles at room temperature.
A benzophenone derivative (i.e 4-acryloyloxy benzophenone) is then
added to be used as the photo-cross-linking agent. The solutions are
deaerated by purging with nitrogen gas for 10 min and capped tightly
before starting the polymerization. The bottles are immersed in a
water bath (Launderometer, Atlas), where the polymerization is
initiated and occurs at 60 °C with continued agitation for 24 h. After
polymerization, bottles are cooled to room temperature, and the poly-
mer solutions are used for solvent-based pressure-sensitive adhesives.
PSA samples are then analyzed by conventional GPC against poly-
styrene molecular weight standards using THF as the solvent and
eluent. A sample with a composition of 88 mol % of 2-ethylhexyl
acrylate and 12 mol % of acrylic acid having a weight-average
molecular weight (M,,) of 1200 000 g/mol was selected for the totality
of the results showed in this work. Table 1 summarizes the detailed

Table 1. Molecular Weight Result of Selected PSA”

M, M, M, D
g/mol g/mol g/mol
PSA 286 667 1199 002 1175371 4

“Results are averages from duplicate injections. M,, = Number-average
molecular weight, M, = Weight-average molecular weight, M, =
Molecular weight at signal peak, D = Dispersity = M,,/M, (previously
known as polydispersity index).

GPC characterization of the PSA. An acrylic acid content of 12 mol %
(5 wt %) was selected to represent common typical acrylic PSA.*

The PSA solutions are then coated on a release liner and dried in a
convection oven at an average temperature of 150 °F, which is then
followed by exposure to UV at a set total adsorbed dose of UV—B light =
400 mJ/cm? (directly measured using a power puck radiometer) using
a processor from Fusion UV-systems for cross-linking, and then the
adhesives between release liners are used as transfer tapes for further
evaluation. Dry PSA films of thickness 25 ym are then transferred on
PET release liner for adhesion testing. For rheology measurements,
stacks of the same material are used.

PSA Sample Preparation. Circular glass coverslips are used as
support substrates for the PSAs. Prior to the deposition of the PSA,
the coverslips are cleaned via sonication in isopropanol followed by
sonication in ethanol for 20 min each. They are then rinsed with
ethanol and dried with nitrogen. Circular PSA-liner samples are cut
from a larger sheet using a 25 mm punch and then deposited liner side
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Figure 1. Typical force—time curves for the contact, dwell, and debonding of the acrylic PSA. The measurements are performed in air with a glass
hemispherical probe. Measurements are performed with three different surface functionalizations for the glass probe: oxygen plasma (blue), piranha
(green), and OTS (red). The applied load during dwell is 10 mN (for 100 s) and the retraction velocity is S0 #m/s. Compressive forces are negative.

up on clean circular coverslips. Prior to removing the liner, a 2 kg
roller is used 20 times to roll over the PSA coverslips. The sample is
then mounted on the multi-mode force microscope (see below) for
testing. The PSA roughness on the coverslip is characterized by a
confocal microscope (Keyence VK-X100).

Glass Probes. We use plano-convex (spherical) lenses with a
radius of curvature R = 7.06 mm as probes for the tack measurements
(Edmund Optics). Hydrophilic lenses are functionalized either by
plasma treatment or piranha solution. The plasma-treated lenses are
exposed to O, plasma for § s at 50 W in a homemade induction plasma
reactor at 300 mTorr. For all experiments, the probes are used in a
probe-tack test within 5 min of plasma treatment. Piranha-treated
lenses are placed in piranha solution (1:3 volume ratio of H,0, and
H,SO,, respectively). Treated lenses are stored in water and used
within 24 h after drying with nitrogen. Hydrophobic lenses are
functionalized with OTS (octadecyltrichlorosilane, Sigma-Aldrich) via
solution deposition. Prior to silanization, the lenses are plasma cleaned
for § s. They are subsequently placed in a cleaned glass beaker in a
solution consisting of 20 mL of toluene and 40 yL of OTS for 20 min.
The lenses are then rinsed with toluene to remove excess OTS and
dried at 100 °C for at least 30 min. Following drying, the hydro-
phobic lenses are stored in a covered dish and used within 24 h. The
static contact angle of water after the silanization treatment with OTS
was 109°.

2.2. Probe-Tack Measurements. Multi-mode Force Microscope
(MMFM). Probe-tack measurements are performed with the MMFM, a
custom-built normal and lateral force instrument.’® In the MMFM, the
forces are measured from the deflection of a cantilever spring that is
mounted on a microtranslating stage. The cantilever has a spring con-
stant of 4500 N/m, and deflection of the spring is monitored via a
fiber optic probe. The substrates are located at the bottom of an
aluminum bath mounted on an inverted microscope (Axiovert 135,
Zeiss) equipped with a camera (Grasshopper3, Point Gray) allowing
for imaging of the contact area. A custom-designed LabVIEW platform
(National Instruments) collects the microtranslator position, cantilever
deflection, and images with corresponding time stamps. Images were
analyzed using Image] (NIH).

Experimental Protocol. A freshly functionalized lens is used for
each probe-tack measurement. The PSA coverslips are immobilized by
a circular locking screw that clamped the coverslip beneath a Viton
O-ring in the fluid bath. During a probe-tack test, the microtranslator
lowered the cantilever at a velocity of 50 ym/s until the cantilever
applied a —10 mN normal force to the sample (negative here by con-
vention). A force feedback loop made slight adjustments to the
cantilever’s position during the 100 s dwell to maintain a constant
applied force (to within +0.2 mN, see Figure S7 in the Supporting
Information (SI)). After dwell, the cantilever retracted at SO um/s
until complete debonding occurred. A dwell time of 100 s is chosen so
that the PSA has sufficient time to relax: the contact area increases
by less than 2% from S0 to 100 s in contact. The debonding speed
(50 um/s) is such that the strain rate (debonding speed/adhesive
thickness: 2 s7!) is comparable to other probe-tack tests.’** We
found 2 57! is also optimum in order to move fast enough while also
obtaining the necessary debonding images to analyze. The applied load
is such that we can observe a high confinement ratio while also a low
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enough contact pressure to favor debonding at the glass probe—PSA
interface. The confinement ratio between the radius of the contact area
and the adhesive film thickness is ~10.>> The contact pressure at the
glass probe—PSA bond is ~0.05 MPa, which is less than the applied
contact pressure of ~0.2 MPa that was applied on the glass coverslip—
PSA bond. For the three probes, the mode of detachment is
adhesive,”*’ meaning that there are no PSA residues left on the probe
after debonding. We replaced the probe with a freshly treated one
between each measurement. Over the course of the entire probe-tack
test, images are captured at 10 frames per seconds with a 5X micro-
scope objective. The procedure for probe-tack tests in air and in water
are identical, except water is placed on the sample and contained in the
MMFM bath for tests in water. Deionized (DI) water of conductivity
18.2 MQ obtained from a Milli-Q gradient system was used as is. The
pH of the DI water was not controlled and could vary from pH 8 to 6.
All adhesion measurements are repeated three times for each lens
treatment (plasma, piranha, and OTS) and for each environmental con-
dition (in air, S min water immersion, and 60 min water immersion).
Measurements are performed at room temperature and at less than 50%
relative humidity.

Image Analysis. Images obtained from the adhesion measurements
are processed using Image] software. Contact and debonding images
taken under water are shown after subtracting an initial out-of-contact
background image. Images have also been converted into greyscale
with some changes in brightness and contrast. For contact area calcu-
lation, we threshold the images to enhance the visibility of the contact
area, followed by conversion into a binary image. The contact area is
calculated by counting the total number of black (contact) pixels
through Matlab and scaling the pixel area with the actual image area.
Analysis of the fingering instabilities is performed via image analysis to
estimate in situ surface energy of the PSA in water.

2.3. PSA Characterization. We characterized the bulk and surface
properties of the PSA in air and after exposure to water. Details and
interpretation of the characterization are available in the SI In sum-
mary, dynamic contact angles measured in air did not show a sig-
nificant change in the advancing surface energy of the PSA when
measured after water immersion (see section 1 in the SI). However,
underwater measurement of static contact angle of diiodomethane on
annealed PSA showed an increase with immersion time in water (see
the SI, Figure S1—2). We also imaged the PSA using a confocal micro-
scope. Based on confocal imaging, we estimate the root-mean square
(RMS) surface roughness of the PSA to be 3.4 um (see the S, Figure S2).
Oscillatory rheology measurement also did not exhibit a significant
change in the storage (G') or loss (G”) moduli after up to 4 h
immersion in water (see the SI, Figure S3). Minimal variations upon
exposure to water were observed in G/, G”, and tan (5), even at large
strains. In situ ATR-IR measurements showed an increase in absorbance
of water with time in the PSA caused by water absorption (see the SI:
section 3 for detailed description and analysis and Figure S4). Based on
the ATR-IR spectra, we obtain a diffusivity of 1.1 #+ 0.2 X 10~ cm?®/s
based on both H-O—H scissor-bending and O—H stretching.

3. RESULTS AND DISCUSSION

3.1. Debonding in Air. We first perform probe-tack mea-
surements in air to investigate how the surface treatment of the
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glass probe affects the debonding force. We rely on three dif-
ferent hemispherical glass probes: two are hydrophilic and one
is hydrophobic. The hydrophilic probes are treated either with a
piranha solution or with oxygen plasma. Both treatments are
routinely employed to increase the surface energy of the treated
glass surface such that it becomes completely wettable by water
(contact angle <10°). Both oxygen plasma and piranha treat-
ment results in hydroxylation®*™° of the surface, creating silanol
terminated surfaces. However, the surface density of such groups
may vary between different treatments. We investigate both
treatments to generalize our observations to the wettability of
the probe rather than on a specific cleaning protocol. Contact is
made with the acrylic PSA using the MMFM, and a —10 mN
compressive load (negative here by convention and controlled
via a feedback loop) is applied for 100 s dwell time (region with
negative force in Figure 1). Then the probe retracts at SO ym/s
(2 s7! strain rate) from the PSA surface (region of positive
force in Figure 1).

We find that hydrophilic probes require higher forces to
detach from the PSA than the hydrophobic probe when they
are loaded under the same conditions (Figure 1). We also see
that a plateau is observed past the maximum force (i.e., at large
strains) during the detachment with the hydrophilic probes,
whereas this plateau is absent for the hydrophobic probe. These
observations are consistent with prior work studying the effect
of surface functionality on probe-tack tests (and on adhesion in
general). The lower maximum debonding force in air obtained
with a hydrophobic probe is in part due to lesser difference of
the surface free energy between the hydrophobic probe and
PSA than the hydrophilic probe and PSA.*” Fibrillation of
the PSA when in contact with a hydrophilic probe explains the
presence of the plateau past the peak force. There is an
empirical relationship relying on the rheological properties
employed to predict the presence of a plateau at large strain.*®
The relationship states that a plateau is observed only when
tan 6(w)/G’(w) is larger than a critical value that depends on a
given PSA as well as on the surface—surface interactions. This
critical value increases as the surface energy of probe decreases.
Therefore, it is possible that the tan 5(w)/G’(w) value for the
acrylic adhesive employed here (1.7 X 107 Pa™') is large
enough to exhibit a plateau at higher strains when bonded to a
higher surface energy substrate (hydrophilic probe). However,
an even higher value would be required for a lower surface
energy substrate (hydrophobic probe) to exhibit the plateau.
Thus, the reduction in surface energy of the probe would be
sufficient for the plateau to not be observed, which is in qualita-
tive agreement with a previous study.’®

3.3. Debonding in Water. We investigate how the
detachment forces for the three probes change when measured
in water. For these measurements, the PSA is first submerged in
water in the liquid bath of the MMFM for an immersion time
of either 5 or 60 min. During the water immersion period, the
probes are kept in air and only immersed in water during
approach to make contact with the PSA. After immersion, the
probe makes contact and detaches following the same protocol
as for the measurements in air. The hydrodynamic force is
about 16.2 uN at a separation of 2.5 um, which is close to the
roughness of PSA film. This force is much smaller than our
contact force of 10 mN, and hence, the drag of the cantilever
during the approach does not contribute significantly to the
forces measured underwater. As for measurements in air, the
mode of failure of the PSA is always adhesive. We find that
detachment in water leads to a significant decrease in the

overall maximum detachment forces for the three probes inves-
tigated (Figure 2). The decrease of the maximum detachment
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Figure 2. Effect of water on the detachment force from the PSA. The
force—time plots are measured after identical dwell conditions (100 s
at 10 mN) and identical retraction rate (50 gm/s). Measurements in
water are taken after the PSA has been immersed in water for § min
(dotted lines) and 60 min (dashed lines). Curves show the debonding
forces for glass probes treated with (a) oxygen plasma, (b) piranha,
and (c) OTS. The mode of failure is adhesive for all conditions
investigated.

force (peak force) is more pronounced when contact is made
with the hydrophilic probes than with the hydrophobic one.
For the hydrophilic probes, in addition to the decrease in the
maximum debonding force, the plateau at high strain also
disappears in water. Note here that the tan §(w)/G’(w) is con-
stant for the measurements; therefore, the loss of the plateau
at high strain is indicative of a change in surface—surface
interaction. The immersion time of the PSA prior to contact
with the probe also has an effect on the detachment force.
In the case of the hydrophobic probe, a longer exposure to
water leads to a steady decrease in the maximum debonding
force (Figure 2b). In contrast, for the hydrophilic probes,
we observe a small but significant increase in the maximum
debonding force for a longer water immersion time (Figure 2a).

While the loading conditions and dwell time are the same for
all the probe-tack measurements, the contact area between the
PSA and the probe could be different for the different probes or
environmental conditions. A significantly different contact area
could explain the decrease in the detachment force in water.
We monitor the contact radius during dwell using an inverted
microscope (see Figure 3). We find that after dwell, the contact
area is 4—8% larger with the hydrophobic probe than with the
hydrophilic probe. We also observe that exposure to water leads
to a systematic reduction of the contact area by ~14% with all
three probes. We also note that a longer exposure to water
leads to a further reduction in the contact area for contact with
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Figure 3. Growth of the nominal contact area between the probe and
the PSA during dwell at 10 mN in air (solid lines) and when contact is
made after (dotted lines) 5 min and (dashed lines) 60 min immersion
of the PSA in water. The relaxation during dwell is under a 10 mN
compressive load for all cases. Curves show the contact area for glass
probes treated with (a) oxygen plasma, (b) piranha, and (c) OTS.

the hydrophobic probe. In contrast, we find that the contact
area with a plasma-treated probe increases slightly when the
PSA has been immersed in water for 60 min compared to S min
prior to contact formation.

We find that the initial probe—PSA contact formation and
relaxation is drastically different when contact is made in water
compared to contact made in air (see Figure 4). Imaging of the

In contact 0.2s 04s 100 s
Type l

200 pmy 200 pum)| 200 pm| 200 pm

Figure 4. Bonding images of PSA showing three types of contact
mechanisms. Type I is homogeneous contact formation. Type II has
circular contact spots that merge with time. Type III shows dispersed
contact that grows over time.

“wetting out phase” (relaxation) under a constant load during
dwell shows three different morphologies for contact relaxation
(Figure 4). A homogeneous (uniform) contact formation
(Type L in Figure 4) is observed for all the PSA—probe contacts

in air. In contrast, the PSA bonds with the probes in a very
different fashion in water (Type II and Type III in Figure 4).
Initial contact formation and growth can either start forming
circular contact spots that grow and merge with time (Type II).
Alternatively, we also observe a contact area that is more
dispersed or fractal as it grows during dwell (Type III). We find
that bonding with a hydrophobic probe is always of Type II,
whereas hydrophilic probes may bond by either Type II or
Type III contact. Contact with the piranha-treated probe is split
nearly evenly between Type II and Type III. For the plasma-
treated probes, there is a slight preference for Type III contact
formation. Note that it is possible that Type II or Type III contact
formation occurs also in air but that the dynamics are much faster
than the image acquisition rate in our experiments (faster image
acquisition rate in air, also does not show heterogeneous contact
within the first 1 ms).

Contact relaxation via Type II or Type III could favor the
presence of microscale trapped water pockets in the contact
region prior to debonding between the PSA and the probe. It is
also possible that drainage and lubrication forces during the
approach to contact cause deformation of the PSA, leading to
the nonuniform contact formation.”****° For example, a rough
estimate of the deformation prior to contact based on the
“offset contact deformation” in ref 22 is 0.5 ym. The observed
heterogeneous contact formation in water is similar to what was
predicted in ref 12, although the wetting properties of the
interacting surfaces are different. These trapped water defects
could reduce the true contact area of the PSA—probe and also
act as defects for crack nucleation. However, we find that after
the 100 s dwell time, the difference between true and nominal
contact areas is small; for example, the maximum contact area
of PSA in water decreased from 0.170 to 0.168 mm® when
considering the trapped water defects as noncontact regions.
Note here that our resolution limit for this magnification is
1.2 pum and that water pockets smaller than 1.44 ym? would
be almost impossible to detect but could still be present.
In addition, our measurements cannot detect adsorbed water at
a molecular level between the PSA and the probe.

PSAs may exhibit different dissipation mechanisms such as
fingering”***" and cavitation”** prior to debonding fully from
the probe. Alternatively, PSAs can debond only by external crack
propagation”** without any fingering or cavitation. In general, a
weaker bond with the probe can lead to external crack pro-
pagation. In our experiments, PSA probed in air always
debonds through fingering and cavitation. Cavitation appears
before fingering for the hydrophobic probe, whereas fingering
features are formed before cavitation for the hydrophilic probe.
When surrounded by water and approached by the hydro-
phobic probe, the PSA continues to debond via cavitation and
fingering (Figure S). However, when approached by a hydro-
philic probe in water, the PSA debonds through external crack
propagation (Figure 6). The presence of water, either as trapped
pockets or adsorbed at the PSA—water interface, could weaken
the bond with the probe and lead to external crack propagation.

We can approximate the in situ change in surface energy of
the PSA based on the spacing between the fingers during
detachment.*”*** For viscoelastic solids, the presence of
fingers during detachment is indicative of a classic Saffman—
Taylor instability."”*** Previous studies used linear stability
analysis to show that the fingering wavelength, 4, is directly
related to the surface energy of the material, y (here PSA—air or
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Figure 5. Sequence of debonding images of PSA probed by hydrophobic substrate along with force curves. PSA is in an air (filled circles: a,c) or
water environment (open circles: b,d). PSA debonds via fingering and cavitation in both environments for the hydrophobic probe.
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Figure 6. Sequence of debonding images of PSA probed by hydrophilic substrate along with force curves. PSA is in an air (filled circles: a,c) or water
(open circles: b,d) environment. PSA debonds via fingering and cavitation in air and through external crack propagation in water.

PSA—water) exhibiting these features via eq 1 where L is the thickness of the PSA, U is the radial velocity of

the fingers, and 7 is the viscosity of the PSA. Therefore, based

(ﬂ ) on eq 1, we find that for the same adhesive (thickness, vis-
’ (1) cosity), we have
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Figure 7. (a) Maximum debonding stress and (b) work of debonding of acrylic PSA in air and in water (S and 60 min immersion time). The glass
probe is functionalized by oxygen plasma, piranha, or OTS. For measurements in air with hydrophilic probe, lighter regions represent work

associated with plateau formation as shown in the inset.
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Thus, we can use eq 2 as an attempt to obtain direct in situ
estimates of the change in surface energy of the PSA after
immersion in water (S min water and 60 min water). Note here
that we estimate the change in the PSA surface energy and not
of the PSA—probe bond energy from this method. Saffman—
Taylor instabilities occur when a less viscous fluid (here air or
water) is “injected” into a more viscous one (here the PSA).
The difference in viscosities is the cause of the instability. As a
result, this analysis should lead to the same finger wavelength,
independent of the strength of the PSA—probe interface (as
long as the strength is high enough to cause finger in the first
place). However, the analysis does not account for other mode
of dissipation, such as cavitation, so it is only approximate here.

Based on fingering analysis, we observe a significant increase
in the surface energy of the PSA upon exposure to water (see
details of the analysis as well as all the numerical values in
section 3 of the SI). From eq 2, we find that the surface energy
increases from 12.2 to 25.8 + 10.0 mJ/m? after S min water
immersion. It further increases to 28.1 & 12.0 mJ/m? at 60 min
water immersion. These values are calculated from image ana-
lysis to obtain the finger wavelength and radial velocity.
We then use the surface free energy of the PSA measured in
air obtained from contact angle measurements as a reference
state (Table S1) to cancel the material properties (L and 7).
Based on this approximation, the increase in surface energy in
water is significant and likely due to a reconfiguration at the
PSA—water interface that exposes more acrylic acid groups.”
An increase in the surface energy of the PSA would favor
wetting with water and could hinder water removal during con-
tact formation, especially with a hydrophilic probe.

3.4. Mechanism for the Effect of Water on PSA
Adhesion. We combine the contact area at the end of dwell
with the debonding curve of Figure 2 to calculate the maximum
debonding stress and the work of debonding (see Figure 7).
The maximum debonding stress is calculated by normalizing
the maximum debonding force by the maximum contact area
before detachment. The work of debonding is calculated by
integrating the area under the force—displacement curve (where
displacement is the normal displacement of the probe—PSA
interface caused by both cantilever motion and deflection)
and normalizing it with the maximum area before detachment
(obtained from image analysis). The maximum stress and work
of debonding eliminate the contribution originating from the
different nominal contact areas prior to detachment. As seen in
Figure 7, it is clear that the effect of the probe treatment and
water immersion are still important, and the same trends shown
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in Figure 2 are present in the maximum debonding stress and
work of debonding. For instance, we can readily see that
debonding in water always reduces the maximum stress and the
work of detachment. We also observe that immersion time has
an opposite effect if the probe is hydrophilic or hydrophobic.
Finally, we also highlight in Figure 7 the fraction of the work of
debonding that originates from the large strain plateau region
and the one that originates from the detachment work prior to
the peak force (shaded region and inset of Figure 7b). We see
that the decrease in adhesion between a hydrophilic and a
hydrophobic probe in air is mainly due to the disappearance of
the plateau, but the decrease in the maximum stress cannot be
neglected. We could not find a relationship between the peak
stress or work of debonding and the mode of contact formation
(Type I or Type I in Figure 4).

Because the bulk properties of the PSA are not affected by
immersion in water under the conditions reported here (25 ym
films, up to 4 h immersion time), the role of water on the
debonding stress can be mainly understood in terms of change
in interfacial properties. Note we only address below the surface
energy (conservative) aspect of the PSA adhesion and not
the dissipative (bulk viscoelastic deformation) ones. We also
ignore possible change of the rheological properties that would
only occur at the interface and not be measurable from bulk
measurements. First, we can estimate the thermodynamic work
of adhesion in air for our system using the Girifalco—Good
eq (eq 3),"*” which relates work of adhesion (W},) with the
surface free energies of the two surfaces where the treated glass
probe is denoted by (1) and the PSA by (2) (see Figure 8a).

WLl =2 /nn, 3)

Eq 3 estimates the work of adhesion of the PSA detached
from a treated probe in air by considering only disperse
(van der Waals) components (it ignores contributions from other
conservative forces such as hydrogen bonding, for example).
Nondisperse components could be present due to the acrylic
acid in the PSA and the reactivity of the hydrophilic probes
after treatment. However, consideration of nondisperse com-
ponents are likely to further increase the W, for the hydro-
philic probe. If we compare the work of adhesion in air for the
PSA bonded to a hydrophilic versus a hydrophobic probe, eq 3
predicts a larger Wy, for the hydrophilic probe because of its
higher surface energy (y,), which is what we observe in our
experiments.

We then consider how introducing water as the medium
(noted as subscript 3, see Figure 8) would affect the thermo-
dynamic work of adhesion. van der Waals interactions always
decrease when the dielectric of the medium increases (here going
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Figure 8. Schematic of glass lens bonded to the PSA surface in (a) air
and (b) water for probe-tack measurements. The subscripts for the
surface energies in the text are illustrated where (1) is glass probe,
(2) is the PSA, (3) is water medium.

from air to water). Therefore, we expect that the work of adhe-
sion would decrease when the measurements are performed in
water, regardless of the probe. In addition, because glass and
hydrocarbons (OTS) have similar dielectric spectra, we would
expect a similar decrease in adhesion for measurements in water
with a hydrophilic or hydrophobic probe.”” Our experiments
indeed show that both Wy, and o,,,, decrease in water. How-
ever, we find that a water environment leads to a more
significant decrease in Wy, and o, with the hydrophilic probe
than with the hydrophobic probe. Such a difference is unlikely
to be explained by solely changing the medium from air to
water in the thermodynamic work of adhesion alone based only
on dispersive components. Because Wy, and o,,,, are normal-
ized with the contact area, their reduction in water is also
unlikely to be due to the relatively small changes in the nominal
contact areas after dwell.

We suspect that more water is trapped in the PSA—
hydrophilic probe contact region than when the probe is
hydrophobized with an OTS layer. Keeping water in the
contact region, either adsorbed or trapped at defects, would be
more favorable with a hydrophilic probe. Such trapped water
would act as a site for crack nucleation and could lead to an
additional decrease in the maximum stress or work of debond-
ing. Imaging of the contact area during debonding supports this
hypothesis. When contact is made in water with the hydrophilic
probes, we observe that the mode of failure is external crack
propagation. Specifically looking at external crack propaga-
tion on the debonding PSA from the hydrophilic substrate in
water, we find that crack propagation advances more quickly
at regions with a higher density of water pocket defects.
In contrast, the mode of debonding with the hydrophobic
probe in water remains fingering and cavitation. Moreover,
based on the analysis of the finger wavelengths we find that the
PSA—water surface energy increases in water, which would
make it more favorable to trap water during contact formation.
At a molecular level, adsorbed water would also lead to a
weakening of the probe—PSA interface bond. The adsorbed
water would be easier to displace during contact with a hydro-
phobic probe than with a hydrophilic one."’

To confirm the role of trapped and/or adsorbed water, we
performed additional experiments where contact between a
hydrophilic probe and the PSA is made in air, followed by addi-
tion of water in the bath 45 s before detachment (Figure 9).
We observe a decrease in both the maximum force and work of
debonding when water is introduced after contact is made.
However, the decrease in the debonding force is much less
pronounced than when contact is made in water. The results of
Figure 9 indicate that the propensity of water to wet the
hydrophilic substrate greatly reduces the interfacial bond
between the probe and the PSA and causes debonding at a
lower debonding force and without fibrillation.

Both Wy, and o, increase slightly (but systematically)
between a S and 60 min water immersion for the detachment
with the hydrophilic probes. Such an increase is not observed
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Figure 9. Force—time plots for PSA bonded to piranha-treated glass
probe in air. The PSA debonds in air (solid green curve) or in water
(dotted green curve, dashed green curve, and purple curve).
Measurements are performed after a dwell time of 100 s at 10 mN
and a retraction rate of S0 pm/s. For the dotted and dashed green
curves, the PSA bonds in water and debonds in water. For the purple
curve the PSA bonds in air and debonds in water; DI water is added
45 s before detachment. Internal crack propagation is observed for
bonding in air. External crack propagation is observed for bonding in
‘water.

for the hydrophobic probe. We also see a small increase in the
PSA—water surface energy between S and 60 min immersion
obtained from the finger wavelength, which could partly explain
this trend. We also know that swellin§ of a polymer film can
lead to an increase in surface energy. % Most likely, however,
the increase in adhesion for longer immersion time is due to a
slightly lower pH"” of the water with an increase exposure to air
in the bath. A higher pH could deprotonate acrylic acid groups.
Therefore, lowering of pH from 8 to 6 could lead to stronger
hydrogen bonding and weaker electrostatic repulsion thereby
causing a stronger adhesion at longer immersion time in water.
This reorganization would have a weaker effect on the hydro-
phobic probe and could explain why we do not see an increase
at longer exposure time. Further investigation of the effect of
solution conditions such as salt concentration and pH will be
performed in a future study.

4. CONCLUSION

We investigated the effect of surface functionalization on the
tack of an acrylic PSA submerged in water. To the best of our
knowledge, this work is the first systematic investigation of how
a water environment affects adhesion forces for PSAs. Using
hydrophilic and hydrophobic probes, we find that the PSA tack
depends on the surface treatment of the probe in both air and
water. Additionally, an important finding is that water does not
equally affect the PSA’s adhesive strength for high and low
surface energy probes. More specifically, the presence of water
is more detrimental to the debonding with a hydrophilic probe
than with a hydrophobic probe, an observation that cannot be
explained based on changing the medium alone. Overall, the
intuitive trend emerges in that the PSA tack is stronger in air
than in water regardless of surface functionalization, which is
consistent with a decrease in van der Waals interactions in
water compared to in air.

A key finding includes the observation of different mech-
anisms for contact formation and relaxation in water compared
to in air. Based on images captured during bonding, we identify
three types of contact between the PSA and functionalized
probe: (I) homogeneous contact formation, (II) multiple dis-
tinct circular contact regions that merge with time, and (III)
dispersed contact where contact is composed of drainage

channels that fade with time. Both hydrophilic and hydrophobic
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probes produce type I contact in air. Hydrophobic probes in
water always results in type II contact; however, hydrophilic
probes in water make both type II and type III contact. Images
captured during debonding allowed us to analyze debonding
behavior. Another important finding is that the mode of failure
changes depending on the probe and on the environment. For
the same PSA we found that debonding in air always occurred
via fingering and cavitation. In water, debonding occurred via
fingering and cavitation for the hydrophobic probe, while the
hydrophilic probe debonded by external crack propagation.
We suspect that trapped or adsorbed water is primarily
responsible for the larger adhesive strength differences between
contact in air and contact in water. The analysis of bonding and
debonding behavior indicates that in water the surface func-
tionalization of the contacting substrate influences both the
type of bonding and the debonding mechanism. Analysis of the
fingering instability during detachment is indicative of a large
increase in the PSA—water surface energy, likely due to reorga-
nization of the functional group at the PSA—water interface.
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