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ABSTRACT

Maintaining the underwater adhesive performance over a broad range of solution pH is
challenging but necessary for many biomedical applications. Therefore, understanding how
environmental conditions influence the mechanisms of bonding and debonding of pressure
sensitive adhesives (PSAs) could provide guidelines for materials design. We investigate how the
presence of acrylic acid co-monomer impacts the adhesion of a model PSA in aqueous
environments of varying pH. The adhesives under investigation are poly(2-ethylhexyl acrylate),
or poly(2-EHA), and poly(2-EHA) copolymerized with 5wt% acrylic acid, or poly(2-EHA-co-
AA). We characterize bonding and debonding (adhesion) of the adhesives using probe tack
measurements with a spherical hydrophobic glass probe. We analyze the performance of the two
PSAs in air and in low ionic strength buffered aqueous solutions of pH3-pH11. We find that the
presence of the acrylic acid co-monomer increases the cohesiveness of the PSA and leads to
stronger adhesion under all conditions investigated. We also observe that the presence of the
acrylic acid co-monomer imparts the PSA with a strong dependence of adhesion on the solution
pH. Dynamic contact angle and zeta potential measurements support the hypothesis that
deprotonation of the acrylic acid groups at higher pH causes the decrease in adhesion at higher pH.
Rheological measurements do not show changes in the dynamic mechanical properties of the PSAs
after exposure to solutions of pH3-pH11. Our measurements allow us to isolate the effect of the
solution pH on the surface and bulk properties of the PSA. In the absence of the acrylic acid co-
monomer, the bulk dissipation and the surface properties of the PSA are independent of the
solution’s pH.

* corresponding authors, jfrechette@jhu.edu and cabarrios@mmm.com
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1. INTRODUCTION

A pressure sensitive adhesive (PSA) adheres to a surface once a light external pressure is
applied, and can be designed to debond without leaving a residue on the surface'. Their simplicity
and ease of use make PSAs ubiquitous in everyday life (for example consider Scotch® tape and
Post-it® notes). In addition, PSAs are also present in electronics,> in the automotive industry,*
and in modern medical items such as wound dressings and drug delivery patches®. Both the surface
and bulk properties of a PSA determine its performance. The surface properties lead to an
interfacial bond, for example through van der Waals forces, but the rate dependent viscoelastic
dissipation in the bulk amplifies, by orders of magnitude, the energy required to detach the
adhesive from the substrate. In fact, due to their viscous component some PSAs can sustain very
large strains (>100%) prior to failure.® While the general mechanisms of bonding and debonding
of PSAs in air are relatively well-established, there are only a limited number of scientific reports
addressing how water, and more generally challenging environmental conditions, affects their
performance’™. Regardless of the chemistry of the PSAs, van der Waals interactions will decrease
by roughly one order of magnitude when switching the interacting medium from air to water!?.
Therefore, some adhesives employed in wet environments necessitate dry bonding, suggesting
challenges associated with contact formation in aqueous environments. Depending on the
chemistry of the adhesives, the presence of water can also affect other type of surface interactions
(e.g. electrostatics, hydrogen bonding), as well as the bulk rheological properties of a PSA. A better
understanding of the role of an aqueous environment over the whole pH range on the bonding and
debonding processes of PSAs has practical implications in the field of medical adhesives'!,

wearable electronics'?, and even transportation'3,

Acrylic-based PSAs are one of the most common class of PSAs, and generally consist of a
crosslinked copolymer where the comonomers are selected to control the glass transition
temperature (Tg) and the degree of entanglement'*!>. A common, well-characterized, formulation
is that of poly(2-ethylhexyl acrylate), (poly-2EHA) copolymerized with a low weight fraction of
acrylic acid (AA), and then crosslinked to obtain poly(2-ethylhexyl acrylate-co-acrylic acid)'¢.
Poly-2EHA has a low Ty, and co-polymerization with acrylic acid (high T,) increases the cohesive
strength and introduces polar groups at the surface for better interfacial bonding!’. In our recent
investigation'®, we characterized the change in bonding energy between poly(2-ethylhexyl

acrylate-co-acrylic acid) and glass of different functionality in deionized water. During the

Karnal et al. page 2 of 31



bonding process with either a hydrophobic or hydrophilic glass probe, we observed heterogeneous
contact formation as well as the presence of large pockets of trapped water (diameter on the order
of microns) within the contact region during the early stages of dwell. In the contact region, water
can remain trapped at the nanoscale, due to favorable interactions between the water molecules
and the opposing surfaces!'®. Macroscale trapped water can also be present because of surface
roughness, or maybe due to deformation caused by hydrodynamic drainage occurring during
contact formation?*2!, In fact, we observed that contact formation in water had a more pronounced
effect on adhesion when the probe was hydrophilic, where debonding occurred through external
crack propagation, than when the probe was hydrophobic and debonding occurred via fingering
and cavitation. Independent rheological measurements did not indicate changes in the bulk
properties of the PSA caused by water exposure, therefore most of the changes in adhesion could

be attributed to changes in the surface properties of the interacting surfaces in water.

The presence of acrylic acid as a comonomer in a PSA should play an important role in
modulating the underwater adhesion and should make the performance of the adhesive pH-
sensitive. Below the pKa, acrylic acid is protonated and can form hydrogen bonds with a surface.
Above the pKa the deprotonated acrylic acid is charged, which can limit hydrogen bond formation,
and can lead to repulsive interactions (and a decrease in adhesion). Understanding the role of pH
on underwater adhesion of PSAs is also important for medical applications due to the need to
maintain a strong bond over a broad range of environmental conditions. For example,

522, sweat has pH between 5-7, saliva has

transepidermal water loss leads to skin surface pH 4-
a pH 6.5-7.5%*, pH in the colon can reach up to 9%, and soapy water is usually alkaline with a
pH10-12%6. In addition, dry skin is generally hydrophobic?’, so a better understanding of the role
of AA on the bonding and debonding to a hydrophobic surface exposed to different level of acidity
is particularly needed. Unfortunately, there is no systematic investigation of the effect of pH on
the underwater adhesion of PSAs, especially of PSA containing pH-responsive functionality such

as acrylic acid.

Although the role of the acrylic acid comonomer on the underwater adhesion of PSAs has
not been investigated, prior studies provide useful insight on the role played by acrylic acid at a
polymer surface on adhesion in humid environment. Schindler et. al.?® found that an increase in
relative humidity affected the near surface composition profile of polar methyl methacrylate

groups in poly(ethylhexyl acrylate-co-methyl methacrylate) with 20% of methyl methacrylate
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groups. They also observed a transition in the failure mechanism from fingering instabilities to

external crack propagation as the humidity increased. Roy et. al.?’

observed that the presence of
acrylic acid alters the nature of molecular interactions at the surface, thereby changing the
orientation of butyl acrylate in poly(butyl acrylate-co-acrylic acid) as water evaporates from a PSA
synthesized in a water emulsion. In addition, PSA from waterborne latex emulsions cast at
different pH of the aqueous phase have a lower adhesion when the casting solution pH is higher’.
In the case of waterborne PSA, the pH of the aqueous solution during the preparation of the PSA
affects both the mechanical and surface properties of the polymer film formed after casting®. It has
been suggested that high pH induces dipolar interactions between deprotonated AA groups and
Na" cations creating a physical ionomeric crosslinking in the PSA film that could cause the surface
to stiffen thereby increasing adhesion. Stiffening of the surface could affect both bond making and
bond stability under water. Beyond PSAs, it is well-established that deprotonation of carboxylic
acid groups in aqueous solution at high pH leads to higher electrostatic repulsion during approach
and weaker adhesion between carboxylic acid and negatively charged silica surfaces'® 3*-32.In
contrast to work with SAMs, for acrylic PSAs such as in poly (2-ethylhexyl acrylate-co-acrylic
acid), the pKa, mobility, and the segregation to the surface of the AA groups will be affected by
their covalent attachment to a polar comonomer, which in turn will modulate the effect of pH on
adhesion. Understanding the bonding and debonding mechanisms of acrylate PSAs in aqueous

environments of different pHs is needed. In particular, the role played by the acrylic acid

comonomer on underwater adhesion is poorly understood.

Here, we investigate the role of acrylic acid groups on contact formation and adhesion of
an acrylic PSA to a hydrophobic probe in aqueous environment over a wide range of solution pH.
In particular, we aim to quantify how the acrylic acid comonomer impacts underwater adhesion
between pH3 and pH11. We also aim to determine the role of solution conditions on the bulk and
surface properties of the PSAs to decouple their separate contributions on adhesion at different
pHs. To answer these questions, we perform underwater probe tack measurements while
monitoring contact formation and debonding using optical microscopy. We also independently
characterize the surface properties of the PSAs using contact angle measurements and in situ zeta
potential measurements. Lastly, we characterize the bulk properties of the PSA (in air and in water)

through rheological measurements.
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2. MATERIALS AND METHODS

2.1 Materials and sample preparation

PSA synthesis.

Model pressure sensitive adhesives based on copolymers of 2-ethylhexyl acrylate (2-EHA) and
acrylic acid (AA) or homopolymers of 2-ethylhexyl acrylate (2-EHA) are synthesized by free-
radical solution polymerization. The monomers are mixed with ethyl acetate, as reaction solvent,
at a concentration of 30 wt%. 2,2’-Azodi(2-methylbutyronitrile (Vazo 67® from DuPont) is added
as thermal radical initiator, at a concentration of 0.05 mol% in amber, narrow necked pint bottles
at room temperature to both copolymers and homopolymers. The bottles are located in a water
bath at 60°C for 24 hours. The same benzophenone derivative is added as photocrosslinking agent
at a concentration of 0.18 mol% to all polymers to obtain equivalent levels of crosslinking. The
solutions are deaerated by purging with nitrogen gas for 10 min and capped tightly before starting
the polymerization. After polymerization, bottles are cooled to room temperature and the polymer
solutions are used for pressure sensitive adhesives. Details of copolymerization and

homopolymerization of these model systems can be found elsewhere'® 3

. PSA samples are then
analyzed by conventional GPC against polystyrene 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 (Mw) of 1,200 kg/mol was
selected for the totality of the results showed in this work. A sample of 100 mol% of 2-Ethylhexyl
acrylate having a weight average molecular weight (Mw) of 1,200 kg/mol was used as control.
These samples were selected based on their similarity in molecular weights (Mw) before

crosslinking as well as their equivalence in gel content after UV-curing. Table 1 summarizes

detailed GPC characterization of the PSAs as well as gel contents of the final tapes after curing.

All PSA solutions are then knife coated on the same release liner (3M™ Silicone Release liner
5002, 50.8 um, polyester), dried in a convection oven at an average temperature of 66°C, 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 crosslinking, and
used as transfer tapes for further evaluation. Knife gaps were adjusted to obtain thicknesses of 25
pum and 38 pm for copolymer (acid-containing) and homopolymer (control), respectively.

Thickness of the homopolymer film was chosen to be higher than that of the copolymer film so
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the initial debonding forces from polar surfaces (i.e glass and stainless steel) based on peel values,
are in the same order of magnitude and debond cleanly from polar substrates. For rheology
measurements, stacks of the same material are used. The gel content was determined as described
in the ASTM International standard, D3616-95. A 0.5 g test specimen was placed in a mesh pouch
measuring 3.8 cm x 3.8 cm. The specimen was placed in a mesh basket measuring 3.8 cm x 3.8
cm. The basket with the specimen was weighed to the nearest 0.1 mg and placed in a capped jar
containing sufficient toluene to cover the sample. The pouch with the specimen was weighed to
the nearest 0.1 mg and placed in a capped jar containing sufficient toluene to cover the sample and
put on a roller. After 24 hours the basket (containing the specimen) was removed, drained and
placed in an oven at 120°C for 30 minutes. The gel content was determined by calculating weight
% of the remaining, unextracted polymer to the original polymer sample. Values are reported as

the average of three replicas. Standard deviation is typically < 5% within replicas.

Table 1. Composition and molecular weight result of selected PSAs. Results are averages from
duplicate injections. M, = Number-average molecular weight, M, = Weight-average molecular

weight, M, = Molecular weight at signal peak, P = Dispersity = M./M, (Previously known as

polydispersity index)
b Composition M, M, M, Co?;int
(zriliﬁ) wiv éﬁo IV;S/ ke/mol  kg/mol  ke/mol Wi%
5%AA 95 (88) 5(12) 287 1199 1175 4 92
0%AA 100 (100) 0(0) 104 1200 1100 11.6 89

Buffer solutions preparation

One phosphate buffer solution (PBS) tablet (Sigma Aldrich) was dissolved in 500mL deionized
water to get a PBS solution with 4mM phosphate buffer, ImM potassium chloride, and 55mM
sodium chloride. Deionized water (>18.2 MQecm) was obtained from EMD Milli-Q® Integral
Water Purification System. To generate the buffer solution, 10ml of the 4mM stock solution was
diluted in 400 ml deionized water to obtain 0.1 mM phosphate buffer solution. NaOH solution
(~pH13) and HCI solution (~pH1) were added into this 0.1 mM buffer solution to adjust pH from
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3 to 12. The pH of all solutions was monitored with a Mettler Toledo MP220 pH meter. All pH
buffer solutions were stored in a sealed bag filled with nitrogen and stored at room temperature.

pH of the buffer solutions was measured again prior to any measurement.

Glass probes. Plano-convex lenses with a radius of curvature 7.06 mm (Edmund Optics) were used
for probe tack measurements. These lenses are functionalized with octadecyltrichlorosilane (OTS,
Gelest) through solution deposition in toluene after cleaning in oxygen plasma for 5 seconds at
50W. During the OTS deposition, the lenses were placed in a cleaned enclosed glass beaker in a
solution containing 80 mL toluene and 160 pL OTS for 20 minutes or 3 hours (until the desired
wetting properties were achieved). The lenses are then rinsed with toluene to remove excess OTS
and dried at 60°C for 1 hour. The static contact angle of deionized water and hexadecane on OTS

coated glass slide were respectively 108+£3° and 31+£2°.

2.2 Probe Tack measurements.

Experimental protocol. A custom-built normal and lateral multifunctional force microscope
(MFM)** is used for probe tack measurements. For the measurements, an OTS coated spherical
(plano-convex) lens is mounted on the lens holder attached to the cantilever of the instrument. Fiber
optic reflection is used to measure the spring deflection, and is calibrated before each experiment.
The PSA films are cut into 15 mm x 15 mm sized samples. After cutting, the PET release liner is
removed, and a sample is placed gently onto a cleaned and dry 46 x 27 mm glass slide (Ted Pella).
A weighted roller (2 kg) is then rolled 20 times onto the sample to remove any trapped air bubbles
from the PSA-glass slide interface and apply a high contact pressure. The PSA sample is then
mounted on the MFM and held in place by screwing a rectangular holder on top of the PSA-coated
glass slide. During a probe tack measurement, the cantilever is lowered at a velocity of 50 um/s
until it applies a 10 mN normal force to the sample, and is held at 10mN using a force feedback
loop for a dwell time of 100 s. Subsequently the cantilever is retracted at 50 um/s. Typical approach,
dwell, and detachment traces are given in Supporting information figure S1(b). Throughout
approach, dwell, and debonding images are captured at 70 frames per seconds with an inverted
microscope with a 5x objective. The procedure for probe-tack tests in air and in aqueous solutions
are identical, except that for measurements in aqueous solutions the solution is placed on the sample
and contained in the MFM bath 10 minutes prior to contact formation. The measurements are

performed at room temperature (approximately 23 °C) and at less than 50% relative humidity. More
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details on the parameters and experimental setup are given in our previous work.'® Each
measurement is repeated three times and the reported values represent the average and standard

deviation.

Image analysis. Probe tack contact images are processed using Imagel] software (National

Institutes of Health, NIH). To process the images during dwell, the out of contact background
image is first subtracted from the contact images in aqueous solution, followed by a thresholding
and noise reduction steps to improve visualization of the contact area. Subsequently, the images
are converted into binary and analyzed through MATLAB to quantify the contact area by
calculating the number of black pixels and scaling it by area to number of pixel ratio to find actual

image area.
2.3 Rheology

Rheological measurements were performed on the two PSAs investigated on an AR1500ex
rheometer (TA Instruments) using an 8 mm diameter parallel plate geometry as the measuring
system. The samples were prepared by soaking 4 cm x 4 cm strips cut out from sheets of PSA in
the desired pH solution for ~10 minutes. The sample was then folded together to create an 8 mm
diameter layered mass and loaded in the gap which was set at 2.2 mm. Amplitude sweep
experiments were also carried out at an angular frequency of 1 rad/s to ensure that the samples
were being probed in the linear viscoelastic regime. A strain amplitude of 1% was used in
frequency sweep experiments (1-100 rad/s) to obtain the storage (G') and loss (G') moduli of the
PSAs. The measurements were carried out while the sample was submerged in the desired pH
solution using an immersion cup. The duration of each measurement was ~3 minutes. All the
measurements were carried out at 22.4 °C. Each measurement is repeated three times and the

reported values represent the average and standard deviation.

The rheology of polymers also gives insight into their relaxation timescales and mechanical
properties. Crossover frequency (w.) is the frequency at which the loss modulus becomes larger
than the storage modulus. The terminal relaxation time (tc =2m/®c) can be calculated from the
crossover frequency and is less than 0.06 s for 5% AA and is even lower for 0%AA PSA.
Therefore, a dwell time of 100 s during probe tack measurements is much higher than this

relaxation time, and gives the PSAs sufficient time to relax prior to debonding.

2.4 Contact angle measurement
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Contact angles of fluids drop on PSA sample were measured by a goniometer (FTA 125, First Ten
Angstroms). A 10 uL sessile droplet is placed on the surface of the PSAs. Advancing and receding
contact angles are measured by injecting or retracting fluid from the deposited sessile droplet by
syringe pump via a glass capillary needle. The flow rate of fluids is fixed at 20 uL./min. Advancing
contact angle is measured first, followed by the receding contact angle. Capillary needle, glass
syringe, and plastic tubings are kept in RBS cleaning solution for 24 hours. They are rinsed with
deionized water, dried with nitrogen. rinsed with the probe fluid and filled with the probe fluid prior
to use. Every data point is repeated at least 3 and average values are reported along with the standard

deviation.

The fluids used in contact angle measurement are buffer solutions of different pH as well as
diiodomethane (Alfa Aesar). Diiodomethane is kept in the dark to slow down its decomposition
upon exposure to light. The surface tension of the fluids is measured from a pendant drop in air.
The reported value® of deionized water is 72.8 mJ/m?. For pH buffer solution, the effect of pH on
surface tension is not significant and we obtain 73 + 1 mJ/m?, in agreement with literature reports*>.
The measured average surface tension®® of diiodomethane is 47 + 1 mJ/m?* while reported value®’
is 50.8 mJ/m?°. In water, the surface tension of dilodomethane decreased to 39 + 1 mJ/m?. Based on
Fowkes’ method®®, the dispersion and polar surface tension of diiodomethane we used was
calculated to be 45 + 1 mJ/m? and 2 + 1 mJ/m?, respectively. All following calculation involving

the surface tension of diilodomethane uses these measured values.
2.5 Surface Zeta Potential measurements

PSA samples were cut into small 7 mm x 4 mm strips and attached to the sample holder for the
measurement of surface zeta potential (SZP, i.e. the zeta potential of the PSA-aqueous surface)
using Malvern Zetasizer NanoZS surface zeta potential accessory (ZEN1020 Sulfate functionalized
polystyrene latex particles (SLPs) of 100nm diameter (Thermo Fisher Scientific) are then dispersed
in solutions of different pH. The accessory is immersed in the solutions for SZP measurements.
SLPs have a stable negative zeta potential of -20 to -50 mV over pH3-pH11. OTS coated glass
sheets were cut into small strips of 7mmx4mm and attached to the sample holder using 3M VHB
tape for SZP measurements. The Zetasizer software uses phase analysis light scattering (PALS)?®

to obtain the zeta potential of the tracer particles at different distances from the surface of interest

(125,250, 375 and 500 pm) using the Smoluchowski equation (U = i’—(), where the electrophoretic
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mobility of the particles Ug is converted into the zeta potential { of the particle, and ¢ is the
dielectric constant of the fluid while 7 is the viscosity of the fluid. The software then fits the
apparent tracer zeta potential as a function of distance to a straight line where the intercept is the
apparent zeta potential of the particle very close to the surface (see Supporting Information Figure
S3). From these measurements, the surface zeta potential ({5, rqce) 1S Obtained from the difference
between the zeta potential of the particle far from the surface and the zeta potential of the particles
close to the surface ({syrface = Stracertrue — Stracer,apparent )- Each measurement is repeated

thrice and average value is reported along with the standard deviation.

3 RESULTS AND DISCUSSION
3.1 Effect of acrylic acid during debonding in air

We first investigate the effect of the acrylic acid comonomer on the adhesion and rheology
of the PSAs in air (see Figure 1). These measurements can be compared to literature reports® !4,
and serve as a control and reference point for experiments under water. The two PSAs studied here
are poly(2-EHA), which we label as 0% AA (dashed) and poly(2-EHA-co-AA) containing 5 wt %
of acrylic acid, which we label as 5%AA (see Table 1). When comparing the two PSAs we see
that under identical conditions the presence of AA leads to higher debonding forces from a
hydrophobic probe (Figure 1a). In addition, we observe that the debonding mechanism for both

PSAs in air is fingering at the periphery and sometimes the formation of one or two cavities during

debonding. Throughout the mode of failure is always adhesive.

The increase in the debonding force with the addition of AA is consistent with previous
work on the effect of acrylic acid comonomer in acrylic PSAs. Poly(acrylic acid) has a higher Tg
than poly-(2EHA), and therefore increases the cohesive strength of the polymer. We see that G
and G"' are larger for 5%AA than for 0%AA at all frequencies, including 8-13 rad/s which is close
to the estimated strain rate during debonding (motor velocity/PSA film thickness). As a result of
its higher elastic and storage moduli, the 5% AA PSA can both store and dissipate more energy

than the 0% AA PSA, leading to higher adhesion.
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Figure 1. (a) Force—time plots during debonding of 0%AA (dashed) and 5%AA (solid) PSAs
using an OTS-functionalized glass probe in air. Debonding forces are measured after identical
dwell conditions (100 s at 10 mN) and identical retraction rate (50 um/s). (b) Storage (G") and loss
(G") moduli and (c) tand as a function of angular frequency for 0%AA (open) and 5%AA (fill) in
air. Error bars have been removed when they are smaller than the markers.

3.2 Role of AA on underwater contact formation and debonding

We perform debonding measurements in aqueous solution of pH3-pH11(Figure 2a,b) for
the two PSAs under investigation. Note that we introduce water prior to contact formation. As
shown in Figure 2a, we do not observe a significant effect of the environment (air, pH) on the
debonding of the PSA without AA (0%AA). Similarly, in the absence of AA in the PSA both the
storage modulus (G") and the loss modulus (G'') are unaffected by the environmental conditions.

(Figure 2c).
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In contrast, incorporating 5% AA to the PSA leads to debonding forces that are very
sensitive to their environment (Figure 2b). First, we see that at pH3, the maximum force of
debonding is comparable to that in air. Then, as the pH increases, the maximum debonding force
decreases and is lower than the one measured in air. In fact, at pH11 the debonding curve for the
two PSAs are nearly identical. Moreover, in contrast to 0%AA, we do observe a slight decrease in
both G’ and G"' when the environment is switched from air to water. Note that as the rheological
properties are measured over the full thickness of the polymer. We cannot rule out local
plasticization of 5%AA, however water absorption and thereby swelling is limited due to the small
percentage of acrylic acid*® and short 10-minute immersion in buffer solutions. In our earlier work
we did not observe a meaningful change in the rheological properties for samples immersed for up
to 4 hours in DI water.'®* Moreover, once in an aqueous environment, the rheological properties of
5%AA are not affected by the solution’s pH. Hydrogen bonding between carboxyl-hydroxyl or
carboxyl-carbonyl groups within the polymer network could be disrupted at higher pH, however
if it occurs it does not appear to affect the bulk mechanical properties possibly due to limited water
absorption. Therefore, the rheological measurements of 5%AA suggest that the pH dependence of

adhesion is more due to a change in the surface than of the bulk properties of the PSA.

For all measurements, the slope of the force-displacement curve in the linear regime prior
to the peak force is caused by the system’s compliance (PSA and cantilever). Detailed information
showing the relationship between the slope and the compliance of the system is given in
Supporting Information section 1.2. Beyond the peak force, at pH11 0%AA has a broader force
curve (detachment occurs over a longer period of time) than 5%AA. We see that at pH 8 and pH
11 the peak forces are still larger but much closer to the one measured for 0%AA. As a reference
in air the addition of AA as a comonomer leads to a peak debonding force that is 1.4 times larger.
In summary, for underwater and air measurements, the addition of 5 wt% of acrylic acid
comonomer to poly-(2EHA) increases the maximum debonding force, except at pHI11. For

measurements at pH11 the maximum debonding forces for the two PSAs are comparable.
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Figure 2. Force—time plots for 0%AA (a) and 5%AA (b) during debonding with OTS
functionalized glass probe in aqueous solutions of different pH and and compared to the same
measurements in air. Debonding forces are measured after identical dwell conditions (100 s at 10
mN) and identical retraction rate (50 um/s) in the same medium as for debonding. Storage, loss
moduli and tand as a function of angular frequency for 0%AA (c,e) and for 5%AA (d,f) PSAs.

We also monitor the initial contact formation and relaxation using optical microscopy
(Figure 3). We only show the contact formation for 5%AA PSA but did measure the maximum
contact area for 0%AA (prior to debonding) and observe similar heterogeneous contact formation

as those observed with 5%AA and shown in Figure 3. We find that the maximum contact area
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(after dwell) for the 0%AA is usually 1.5 times larger than for the 5%AA PSA. In addition, we
observe that for both PSAs the contact formation and growth in air is homogeneous (within the
resolution limit of optical microscopy), while it is heterogeneous in all aqueous solutions. In our
prior work we also observed similar heterogeneous contact formation with hydrophilic and
hydrophobic probes during the initial stage of dwell for bonding in DI water'8. Here we show that
the contact regions are not only heterogeneous but also appear sparser during the initial stage of
dwell as the pH increases. We can quantify the growth of the contact area as a function of time for
5%AA PSA (Figure 3b). We see that the dwell time of 100s gives the PSA sufficient time to relax,
as the contact area increases by less than 5% from 10s to 100s. We quantify the difference in
contact formation and growth between measurements at pH3 and those taken at pH11. Most of the
effect of pH on contact formation occur before the set point in dwell force is reached, and over a
timescale that is of order of the terminal relaxation time (approximately 0.06s here). Our analysis
shows that initially the contact area formed between the probe and the PSA at pH3 is larger than
at pH11. We also find that the contact area grows faster initially if the surrounding solution is at
pH3 than at pH11. Therefore, contact between the PSA and the probe is more favorable at pH3
than at pH11. At higher pH the AA groups are more likely to be deprotonated and bear a negative
charge. The negative surface charge density could lead to electrostatic repulsion between the probe
and the substrate. More discussion of the possible role of electrostatic interactions is present in the
next section. Note that, within the resolution of optical microscopy, we do not observe air trapped
on the surface during contact formation. Nanobubbles smaller than our detection limit could also
be present on the surface, as we are making contact between two hydrophobic surfaces in water**-
1. However, we do not see multiple cavitation sites during detachment as observed by Davis et.
al.*, likely due to the long dwell time (when compared to the polymer relaxation time) in our

measurements.
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Figure 3. Contact images (a) and contact area (b) during contact formation and growth during the
dwell time prior to debonding measurements for 5%AA. The applied force during dwell is 10.0
mN =+ 1.4 and controlled using a feedback loop. For the feedback loop the setpoint is reached

within 1s. Shades of red are three replicates for pH11 whereas shades of blue are three replicates
for pH3 in (b).
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Figure 4: (a) Maximum area before detachment (Amax), (b) Work of debonding (Wgeb) and (c)
nominal stress ( 0 n) for 0% AA PSA and 5% AA PSA debonding from OTS functionalized glass
probe in different environments.

Comparing only the maximum force of debonding is insufficient to understand the role
played by the AA on adhesion, as contact area before debonding can also vary and plays an
important role in the adhesion of PSAs. Therefore, we image contact formation using optical
microscopy and evaluate the maximum projected area of contact between the PSA and the glass
probe (obtained at the end of the dwell period). Calculating the real contact area in the shape of a

spherical cap by considering the curvature of the probe leads to a contact area that is 0.06% larger
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than the projected area. In general, we see that 0%AA has larger contact area than 5%AA (Figure
4a). The lower elastic modulus of 0%AA PSA makes it more compliant, and the PSA can deform
more readily during dwell for the same normal force. The effect of elastic modulus on the contact

area has been shown in more detail in a previous study*’.

A higher contact area can increase the maximum force of debonding due to an increase in
area for surface interactions, but also due to a larger interface to dissipate energy. Therefore, we

also characterize the effect of AA on the nominal stress ( o, ) and work of debonding (Wgeb), both

quantities are normalized by the maximum contact area. Nominal stress is the maximum force of
debonding divided by the maximum contact area. The work of debonding is calculated by
integrating the area under force-displacement curve and normalizing it with the maximum contact
area before detachment. As we have shown in Figure 1a, the maximum debonding force in air is
lower for 0%AA than for 5%AA. Thus, a larger contact area for 0% AA implies even lower

nominal stress and work of debonding in air as compared to 5% AA (Figure 4b-c) as observed.

For both PSAs we find that a change in pH had little effects on the maximum contact area,
and thus the variation in nominal stress or work of debonding is similar to that of the peak
debonding force. Looking at the maximum contact area for 0%AA in air and in different pH
solutions, we only see small variations that are in the range of the standard deviation. Thus,
insignificant changes in maximum contact area are observed for 0%AA in air and pH solutions.
These observations are consistent with rheological measurements where we showed that the
presence of an aqueous solution had no effect on rheological properties or adhesion of 0%AA PSA
(Figure 2c). The same observations stand for the work of debonding and nominal stress, which

remained unchanged in aqueous solution.

For 5%AA, we observe similar nominal stress in air and at pH3, but higher work of
debonding in air than at pH3 (broader force curve in air). Increasing the pH leads to a significant
decrease of the work of debonding and nominal stress, while there is only a minimal decrease in
the contact area with pH (Figure 4). More specifically, the work of debonding decreases by a factor
of two as the pH increases from pH3 to pH11. Looking back at the rheological properties of 5%AA
shown in Figure 2d, we see negligible effect of pH on both storage and loss moduli. Hence, bulk

rheology cannot account for this change in work of debonding at different pH for 5%AA. We
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would expect the addition of acrylic acid groups to affect the surface properties of the PSA at

different pH which could lead to a variation in adhesion at different pH.
3.3 Surface zeta potential

We measured the surface zeta potential (SZP, C ) of the PSAs as well as that of OTS coated
glass slides in pH buffer solutions using tracer particles (Figure 5). An outline of this method is
provided in section 2.5 with more details in the Supporting Information Section 4. We observe that
the SZP of 0%AA is nearly constant at -48 mV and shows little to no variation with pH. The SZP
of the OTS probe also does not change much with pH, although it shows some variation from —15
+6mV atpH3 to -52 £ 7mV at pH11. In the absence of carboxylate groups, there is a net negative
charge on both the surface of 0%AA and of OTS. Hydroxide ions preferentially adsorb on
hydrophobic surfaces (such as OTS and P(2-EHA)) in water leading to a negative surface
potential.**** In contrast to 0%AA and OTS, the SZP of the 5%AA is a strong function of pH,
ranging from -1 £32 mV at pH3 to -100 £ 7 mV at pH11. Based on these measurements the surface
charge density estimated by Grahame equation'® changes from -0.01 pC/cm?at pH3 to -2.1 pC/cm?
at pH11. Likely the SZP becoming more negative with an increase in pH is due to deprotonation
of the AA comonomer present on the surface leaving negatively charged COO™ groups on the
surface. Similar results were reported for the study of polystyrene-polyacrylic acid block co-
polymers*®. Interestingly, a linear relationship between SZP and pH is expected, and can be

analytically derived for 1:1 electrolyte®’.

Electrostatic repulsion between two surfaces could impact the bonding process, or contact
formation*®. The initial contact area of 5%AA, estimated using the first image of contact, decreases
from 0.011£0.010mm? at pH3 to 0.002+0.001mm? at pH11. The instantaneous rate of contact
formation peaks and is almost thrice at pH3 (1.5mm?/s) than pH11 (0.5mm?/s) in the initial stages
of contact formation (below 0.1s) after this point the rates of growth in the contact areas are similar
and likely determined by the polymer relaxation dynamics (Figure 3b). The effect of solution
conditions on the bonding process will be the subject of future investigations, as it is difficult to
decouple the effect of electrostatic repulsion and force feedback loop during dwell on the contact

arca.

Karnal et al. page 18 of 31



40 T I T I T I T I L]
- 0 -
o L 0% AA (@)
il el S, S L .
| J_ § % L § § ]
-80 |- -
S -120 i -_
g 40 T ' I I I I T I 1
= : o -
S ofy M)
c -
2 ] . .
2 e
s B o ]
& -80 |- -
= I -
§-120 = 1 E -
E 40 I l I l I I I l 1
A i -
oL OTS (c)
L i .
-40 x ) —
-80 |- .
120 | _
1 | 1 l 1 l 1 I 1

Figure 5. Surface Zeta Potential of (a) 5% AA PSA (b) 0% AA PSA and (c) OTS probe at different
pH. Dotted lines are to guide the eye.

3.4 Wetting properties of the PSAs

3.4.1. Contact angle hysteresis of the PSAs. The advancing and receding water contact angles of

the pH buffer solutions on both PSAs are shown in Table S2 in supplementary information. The

water advancing contact angle on both PSAs is around 6, =124° at all pH. The receding contact

Karnal et al. page 19 of 31



angle on 0%AA is constant across different pH around 8, =62°. A large contact angle hysteresis

of 8, -6, =60° is observed for both PSAs. We only observe a pH dependence on the receding

contact angle of the 5%AA samples, where the receding angle decreases from 6, =62° to

0, =47°when the pH increases from pH3 to pH11. In the absence of AA groups (0%AA), the

surface is not pH responsive and there is no sensitivity of the contact angle to the pH of the probe
fluid (advancing and receding). When the contact line of a buffer droplet advances it makes contact
with a surface that was initially dry and unaffected by the pH. In contrast, when the contact line
recedes it moves on a surface that was in contact with the buffer solution, which can explain why
the receding contact angle varies with pH but not the advancing angle. For the receding angle on
5%AA we see a plateau region at 3<pH< 6, and a sharp decrease in the contact angles in the region
6 < pH <12. We suspect that acrylic acid groups on the surface of 5%AA will deprotonate as the
pH increases and affect contact angle measurements. Note that the roughness of PSAs sample also
plays an important role on the contact angle hysteresis. Even in the absence of carboxyl groups,
0%AA still has a large contact angle hysteresis (that is not pH dependent). Finally, rheology
measurements show that the elastic modulus of the PSAs sample is around 10-100 kPa, which
means that elastocapillarity effects could alter the contact angle measurements and their
interpretation.*->* Fortunately, for a macroscopic droplet (mm), this phenomenon has a very
limited effect on contact angle measurements, even for surfaces as soft as the PSAs investigated

here.
3.4.2. Contact angle titration of the 5% AA PSA

Based on the pH dependence of the receding angles on 5%AA, we perform a pH titration
analysis to calculate the apparent pK. of the PSA, as shown in Figure 6. We hypothesize that the
acrylic acid group is deprotonated at high pH and protonated at lower pH, a difference that is
captured by the receding contact angle measurements. The rapid change in contact angle close to
pKa of surface is expected as cos® has a sigmoidal relationship with pH (see Supporting
Information Section 2.1 for the titration equations and details of the experimental protocol). Using
this analysis, we obtain an apparent pKa for 5%AA of 8.7 £ 0.2 (Figure 6). The pKa of monomer
acrylic acid is 4.25 at room temperature, which is significantly lower than the apparent pKa of
acrylic acid in co-polymerized in p(2-EHA). However, several studies have observed an apparent

pKa ~8 of carboxylic acid SAMs in aqueous solution®” >!-2, Due to dissociation of the surface
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carboxylic acid groups, the pH at the surface of PSA would be lower than the bulk pH>2. The real
proton concentration near the surface is higher than the bulk and can be approximated as a
Boltzmann’s distribution, which means that the true pKa of the PSA is likely lower than the

apparent pK,. Furthermore, pK, of acrylic acid groups has been shown to increase in presence of

surrounding hydrophobic groups>*>°
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Figure 6. Receding contact angle of pH buffer drops measured on 5%AA (filled) and 0%AA
(open). Solid line is the pH titration curve based on the receding contact angle on 5%AA. Detail
of the calculations for the pKa are given in supporting information section 2.1.

3.4.3. Determination of the PSAs-water surface energy. We use the method developed by Fowkes,

Owens, et al>® (detailed in Supporting Information section 2.2) to estimate the surface energy of
the two PSAs investigated, as shown in Figure 7. This method assumes that the interfacial energy
can be divided into independent and additive polar and dispersion components®’. We use two
probe fluids: pH buffer solutions and diiodomethane to evaluate the surface energy of the PSAs as
a function of pH. The contact angles of diiodomethane on both 5%AA and 0%AA are nearly
identical. To find the PSA-water surface energy we select the receding contact angles because they
capture the PSA after it has equilibrated with an aqueous solution (values reported in Supporting
Information Table S3).We find that the surface energy of 0%AA is independent on the solution

pH. For 5%AA, we observe that (1) the dispersion component (

Rec,d)

12 is approximately independent of pH while the polar component (
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Rec,

Vi 0P) increases with pH; (2) For pH < 6, 5%AA and 0%AA have similar surface energy and
components; and (3) the PSA-water interfacial energy decreases with increasing pH. The surface
energy result also suggests that the dispersion components of the PSAs in water is approximately

independent with pH for both 5% AA and 0% AA.
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Figure 7. PSA-water surface energy of 5% AA in pH medium (solid square), 0% AA in pH
medium (open square) calculated by receding contact angles. Dotted lines are to guide the eye.
PSA-air surface energy of 5%AA is 45mJ/m? and 0%AA is 46mJ/m?.

Falsafi et. al°® measured the surface energy in air of a co-polymer with a similar chemistry
but higher rigidity using contact mechanics (90% 2-EHA, 5% AA and 5% 1,6-hexanediol
diacrylate (1,6-HDDA)). Considering the nearly identical compositions, we would expect the
surface energies in air of their PSA and our 5%AA PSA to be similar. Through JKR measurements,
they obtain a polymer-air surface energy of 30 mJ/m? from bonding and around 60mJ/m? from
debonding data. Whereas, we obtain 8mJ/m? (advancing) and 45 mJ/m? (receding) from contact
angle measurements using DI water and diiodomethane as fluid probes. When comparing with our
measurements, we obtain comparable values of the surface energy in air of 5%AA when we rely
on the receding contact angle. The value based on the advancing contact angle measurements likely
underestimate the surface energy because of the surface roughness of the PSAs (overestimate the

contact angle)®. An alternative in-situ approach to estimating the change in surface energy of the
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PSA-fluid interface based on Saffman-Taylor instability analysis®® also points to a decrease in

surface energy with pH (See Supporting Information Section 6).

3.5 Decoupling of surface and bulk effects of AA on underwater adhesion

We observe a strong correlation between the work of debonding and the surface energy as
obtained via contact angle measurements (Figure 8a). For 0%AA we do not observe any significant
changes in work of debonding, bulk shear or elastic moduli, surface zeta potential or surface energy
of the PSA under the experimental conditions investigated here (~ 10 minutes exposure to solution
of varying pH). In contrast, for 5%AA we find that both the surface zeta potential and the surface
energy decrease as the pH increases. We also find a strong correlation between the work of
debonding and the surface zeta potential (Figure 8b). As the PSA surface becomes more negatively
charged (with an increase in pH), we expect stronger repulsive interactions between the negatively
charged probe and the PSA. The maximum electrostatic repulsion at pH 10 calculated using 1D
Poisson-Boltzmann equation and the measured SZP values is 15 puN, which is higher than the 2

uN predicted at pH4 (see Supporting Information Section 5 for details).

20 ' | ' | ' | T T T
(@) (b)
NE I /! 1 I /,i 1
o /
215 | T .- 4 T .7 -
rd
z e —5
2t : 4 : T - | -
o ) '
2 ’ ’
] ’ %
S 10 L ’ . i .
[T 7’ L -l
(o] ’
x
T
5 £ 1 | i
=
5 . | . | . | P TR B B
0 5 10 15 -120 -80 -40 0 40

Surface energy (mJ/m?) Surface Zeta Potential (mV)

Figure 8: (a) Measured work of debonding (from Figure 4c) versus the surface energy of the PSA-
water interface for 5%AA (from Figure 7). (b) Work of debonding (from Figure 4c¢) versus surface
zeta potential of 5% AA (from Figure 5). Dashed lines are to guide the eye.
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The effect of the pH of the solution on the surface energy of PSA in water was discussed
in the previous section. However, for adhesion with hydrophobic probe, the interaction of PSA
with the probe in solution determines the work of adhesion. To approximate the work of adhesion,
the surface energy of the probe is also necessary. The thermodynamic work of adhesion of the two
PSAs from a hydrophobic probe in aqueous solutions of different pH can be estimated from the

receding contact angle measurements'® using:

W =137~ 72 (1)

7= -r) @

In equation (1), the subscripts 1, 2 and 3 represent the PSA, OTS probe and medium,
respectively. We measure y43 directly, see Figure 7, whereas y,3 and y;, are approximated from
equation (2), where y;; represents the interfacial energy between i and j. The surface energy in air
for the PSA (y;) is evaluated by using receding contact angle measurements of DI water and
diiodomethane where we obtain values of the 45mJ/m? for 5%AA and of 46mJ/m? for 0%AA The
surface energy of the OTS surface in air, y,= 20 mJ/m?, is obtained from the literature®'. We then
estimate the work of adhesion in air, from equation (2). For both PSAs the work of adhesion is
higher in air (64-65 mJ/m?) than in pH buffer solutions, as we would expect based on higher
dielectric constant of water. For 0%AA we observe a slight decrease in adhesion from 24 mJ/m?
at pH3 to 21 mJ/m? at pH11, which could be possibly due to ion adsorption from the buffer solution
onto the hydrophobic PSA surface. For 5%AA we found that the work of adhesion between the
probe and the PSA decreases significantly from 23+3 mJ/m? f at pH3 to 14+1 mJ/m? pH11.

Bulk dissipation increases significantly the work required to debond a PSA beyond the

thermodynamic work of adhesion. The separate contributions of surface and bulk dissipation on

the work of debonding is typically given using equation (3):
Weier =W 1+ D@) 3)
where enhancement of adhesion from the bulk is captured by the dissipation factor @.5
For a soft adhesive attached to a hard substrate the dissipation factor @ has been used to describe

the viscoelastic dissipation in the adhesive.®? It is a temperature and rate dependent quantity

described using various semi-empirical forms!> 6364 Therefore, it is possible to treat ® as a
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quantity that depends purely on the viscoelastic properties of the material and that can be

determined from rheological measurements.

We can attempt to extract the value of the dissipation factor @ for our probe tack
experiments to see if it varies with the solution pH. In our probe tack measurements, we have set
the debonding velocity to 50um/s, however the rate of approach of fingers decreases in air as
compared to pH solution. We can estimate ® based on the difference between the work of
debonding measured from probe-tack (Figure 4b) and the work of adhesion obtained from contact

angle measurements, and shown in Figure 9.
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Figure 9: (a) Work of adhesion and (b) Calculated dissipation factor (®) for adhesion at different
pH for 0% AA (open) and 5% AA PSAs (filled). The work of adhesion in air is 65 mJ/m? for 0%
AA PSA and 64 mJ/m? for 5% AA PSA. Dotted lines are to guide the eye.

We see that changing the environment from air to different buffer solutions influences the
value of @ for both PSAs investigated. For both the PSAs, @ calculated in air is lower than that in
water. For 0% AA, @ in pH solutions ranges from 332 + 28 to 332 + 40 while in air it is 138 & 46.
For 5% AA, it ranges from 619 + 182 to 727 + 93, while in air it is 311 £ 62. A semi-empirical
functional form® of ® depends on the crack propagation velocity as (a;v)%®. From calculating
the radial velocity of fingers right before the peak force, we find that the radial velocity of the
fingers in air ranged from 80-390 um/s whereas in pH solution it ranged from 200-4400 pum/s for
5% AA PSAs. As the radial velocity of fingers is consistently lower in air, the dissipation would
be expected to be lower in air as well, consistent with the previously observed dependence on
crack velocity v. There are numerous sources of errors associated with the work of adhesion values
calculated, especially when comparing value in air vs values in water. For instance, the
contribution of the surface roughness of the PSA on contact angle measurements. Therefore,
caution in interpreting the results is necessary, especially when comparing results in air and in
water. However, the effect of the solution pH for 5%AA should be less sensitive to the effect of
roughness on the receding angle measurements. Acrylic acid is incorporated into PSAs to provide
cohesiveness, partly through hydrogen bonding, as well as to increase interactions with the
substrates®. Reversibility of hydrogen bonds can also lead to increase in energy dissipation®¢-®.
The apparent decrease in @ with the solution pH for 5%AA could indicate that water absorption
leads to deprotonation of the AA in the bulk near the PSA-water interface (not only at the surface),
therefore disrupting some of the hydrogen bonding and, in turn, decrease the bulk dissipation in

the bulk of the PSA as the pH increases.

4 CONCLUSIONS

We investigated the effect of acrylic acid groups on the underwater adhesion of pressure
sensitive adhesives at different pH solutions (between pH3 and pH11) at low ionic strength. We
observed that the presence of AA as a comonomer leads to pH-responsive adhesion. In particular,
we found that the adhesion decreased significantly if the solution pH increases. The maximum

nominal stress decreased by 1.4 times and the work of debonding decreased by a factor of 2
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between underwater adhesion at pH3 and pH11. In the absence of AA there was no change in
adhesion with pH. Surface zeta potential and contact angle measurements indicate that an increase
in pH led to a decrease in surface energy as well as a larger negative surface charge density. Both

observations are consistent with deprotonation of the acrylic acid at the PSA-water interface.

Lower initial contact area at high pH could also be explained by an increase in electrostatic
repulsion with pH. We also estimated the pKa of the PSA containing 5% AA to be 8.7 + 0.2. Bulk
rheological measurements of the PSA containing AA did not show a significant change in the loss
and storage moduli upon exposure to solution between pH3 and pH11. While most of the decrease
in adhesion due to the increase in solution pH could be attributed to a change in surface properties,
our measurements also indicate that a small change in the bulk properties of the PSAs could also

occur as the pH increases, possibly due to the disruption of hydrogen bonding within the PSA.

Supporting information available

Supporting information details: (1) Schematic of PSA and probe surface chemistry; (2) typical
debonding force curve; (3) system compliance analysis; (4) determination of surface pKa from
receding contact angle measurements; (5) surface energy; (6) work of adhesion; (7) surface zeta
potential; (8) double layer forces calculations (9) in situ surface fingering wavelength analysis.
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