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ABSTRACT: The feasibility of salicylhydroxamic acid (SHAM)
to function as a pH-responsive, switchable adhesive molecule is
explored here. Using a custom-built Johnson—Kendall-Roberts
contact mechanics test setup, SHAM-containing adhesive demon-
strated strong, wet adhesion to various surfaces (glass, titanium,
polystyrene and amine-functionalized glass) at pH S with adhesive
properties that were comparable to those of catechol. The work of
adhesion of SHAM decreased by nearly 98% with increasing pH
and fully recovered when treated with pH 5. Most impressively,
SHAM recovered its adhesive property even after its exposure to
pH as high as 11, indicating superior stability toward base
treatment. This result contrasts the case of catechol, which did not
recover its initial adhesive property due to irreversible oxidation.

Strong Switchable Weak
Adhesion ‘Wet Adhesion» Adhesion
R

o/H P 4 oo
L O / .
H H H °
"Si"O’\"'Si‘I\ \l‘Si J1 ll"Si'/‘\ \\l"Si'll \"Si'l \'Si‘u
/ o O (o] 0! O
o o7 NG o7 o N
Acidic pH Basic pH

Finally, density functional theory calculations were used to confirm that the observed tunable adhesion property was due to the

deprotonation of SHAM.

1. INTRODUCTION

Smart adhesives demonstrate switchable adhesion properties in
response to externally applied stimuli such as temperature, pH,
light, and applied electricity.'~* Such ability to switch adhesion
on demand has a wide range of potential applications in
industrial assembly, advanced healthcare, and robotic manip-
ulation.*”® However, existing switchable adhesives have
limitations that include weakened underwater adhesion,
adhesion to only a specific type of surface, requirement of
extreme conditions to detach from a surface, or limited
reversibility.”'> This paper aims to evaluate a novel,
switchable adhesive molecule that could bind to various
surfaces under wet conditions.

Mussels attach to various wet surfaces (e.g., rock, wood, and
metal) using adhesive mussel foot proteins (MFPs)."> The
main amino acid in MFPs responsible for underwater adhesion
is 3,4-dihydroxyphenylalanine (DOPA), which contains a
catechol-side chain.'* Catechol exhibits tunable adhesive
properties depending on its oxidation state and has emerged
as an adhesive molecule for designing moisture-resistant smart
adhesives that are responsive to pH and applied electricity.' "'
Catechol forms reversible non-covalent bonds such as hydrogel
bonding, 7—r interaction, cation—7 interaction, and metal ion
coordination in its reduced state.'” Upon oxidation, catechol is
transformed into the poorly adhesive quinone form. However,
quinone is highly reactive and undergoes irreversible cross-
linking, which greatly limits its reversibility.'®™>" While it is
possible to protect catechol using boronic acid, it is sometimes
difficult to fully dissociate the catechol—boronate complex to
fully recover the initial adhesive property of catechol.””*’
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Therefore, there is a need to find a novel, reversible, and
switchable adhesive molecule that does not undergo
autoxidation.

Salicylhydroxamic acid (SHAM) consists of a benzene ring
with pendant hydroxamic acid and hydroxyl group (Figure 1a).
SHAM is widely used in antitubercular medications and anti-
aging and skin conditioning cosmetic products.”*™*® Given the
structural similarity between SHAM and catechol, we
hypothesize that SHAM can potentially function as an adhesive
molecule with the ability to form interfacial bonds through
hydrogen bonding, 7—x interaction and cation—7 interaction.
SHAM is also a known chelator of metal ions,>” which can
potentially facilitate its binding to a metal surface. Additionally,
SHAM deprotonates and protonates in response to pH
without oxidation (pK,, = 7.4 and pK, = 9.7).>*
Deprotonation of SHAM can potentially reduce its interfacial
bonding capabilities (Figure 1b), making it suitable to function
as a reversible, pH-responsive adhesive molecule.

In this study, we aimed to determine the feasibility of SHAM
to function as a novel, switchable adhesive that responds to
changing pH. To this end, we synthesized a methacrylated
monomer containing SHAM, N,2-dihydroxy-4-methacrylami-
dobenzamide (DHMAAB) (Figure 1c), which was further
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Figure 1. (a) Chemical structures of SHAM and catechol. (b)
Proposed interfacial bonding of SHAM to the silica surface. With
increasing pH (left to right), SHAM deprotonates and reduces its
interfacial bonding capabilities. (c) Synthesis of SHAM-based
monomer, DHMAAB, by reacting 4-amino-N,2-dihydroxybenzamide
hydrochloride with methacryloyl chloride.
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polymerized into an adhesive coating. We then evaluated the
pH-dependent, switchable adhesive properties of SHAM on
various contacting surfaces using Johnson—Kendall-Roberts
(JKR) contact mechanics test. Additionally, density functional
theory (DFT) simulation was utilized to analyze the molecular-
level adhesion of SHAM to the silica surface. The adhesive
property of SHAM was compared with that of catechol.

2. MATERIALS AND METHODS

2.1. Materials. 4-Amino-N,2-dihydroxybenzamide (ADHB) was
purchased from EnamineStore. Ethanol, tetrahydrofuran (THF), ethyl
acetate, phosphate-buffered saline (PBS), hydrochloric acid (HCl),
sodium hydroxide (NaOH), sodium chloride (NaCl), hexane,
dimethyl sulfoxide (DMSO), trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (97%), toluene, acetone, methoxyethyl meth-
acrylate (MEA), triethylamine, 3-(trimethoxysilyl)propyl methacrylate
(TMSPMA), mechacryloyl chloride (MACI), and (3-aminopropyl)
trimethoxysilane (APTS) were purchased from Sigma-Aldrich (St.
Louis, MO). 2,2-Dimethoxy-2-phenylacetophenone (DMPA) and
methylene-bis-acrylamide (MBAA) were purchased from Acros
Organics. Titanium (Ti) ball (1/4” diameter), polystyrene (PS) rod
(3/8” diameter), and polytetrafluoroethylene (PTFE) (3/8” diame-
ter) were purchased from McMaster-carr (Elmhurst, IL). PS rod was
trimmed into 1/4” diameter hemispheres using an 8026 J Clausing/
Colchester Manual Engine Lathe (Clausing Industrial; Kalamazoo,
MI). Borosilicate glass hemispheres (1/4” diameter) were purchased
from ISP Optics (Orlando, FL). The amine-functionalized glass was
prepared by treating borosilicate glass hemispheres with APTS
following a published protocol.>* The acidic solutions (pH 3, pH 5)
were prepared using deionized (DI) water, 0.1 M NaCl, and 1 M HCL.
The buffers, including pH 7.4, pH 8, and pH 9, were prepared using
deionized (DI) water, PBS, and NaOH. pH 11 solution was prepared
using deionized (DI) water, 0.1 M NaCl, and NaOH. Dopamine
methacrylamide (DMA) was synthesized according to a previously
published protocol.*

2.2. Monomers Synthesis and Characterization. DHMAAB
was synthesized by reacting ADHB with MACI (Figure 1c). First, 2
mmol of ADHB dissolved in 10 mL of methanol. Then, 2 mmol of
MACI in 2 mL of THF was slowly added to the ADHB solution,
followed by 6 mmol of triethylamine. The mixture was stirred in a
nitrogen atmosphere for 3 h in an ice bath. The resulting DHMAAB
was extracted with ethyl acetate and further purified by column
chromatography using ethyl acetate and hexane (2:1) as the mobile
phase. DHMAAB was then crystallized under vacuum. 20 mg of
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DHMAAB was dissolved in 0.5 mL of DMSO-d, for nuclear magnetic
resonance (NMR) characterization using spectroscopy (Ascend 500
MHz, Bruker, MA). The absorption spectra of 0.1 mmol DHMAAB
water solutions at different pH levels were examined using UV—vis
spectroscopy (LAMBDA3S, PerkinElmer, MA).

2.3. Preparation of Adhesive Coatings. Glass slides were first
functionalized with a polymerizable methacrylate group, followed by
in situ polymerization of adhesive monomers (Figure 2). The glass
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Figure 2. A schematic showing the coating process of chemically
immobilizing thin adhesive coatings onto glass slides.

slides were immersed in a solution containing H,0, HCI, and H,0,
with a volume ratio of S:1:1 for 10 min, followed by rinsing with
deionized (DI) water. Then, the glass slides were treated with a 3% v/
v TMSPMA solution in a DI water—ethanol mixture (volume ratio =
1:1) for 1 h. The samples were rinsed in DI water and dried with N,.
Adhesive coatings were chemically linked to the methacrylate group
functionalized glass slides by free radical polymerization. To prepare
SHAM-based coating, 1 M MEA with 10 mol % of DHMAAB and 0.2
mol % of DMPA were dissolved in 75% (v/v) DMSO and DI water.
The precursor solution was degassed and purged with nitrogen gas
three times. 15 pL of the precursor solution was then applied to a
TMSPMA-functionalized glass slide, which was further covered with a
fluorinated cover glass and photoinitiated for 20 min in a UV cross-
linking chamber (XL-1000, Spectronics Corporation; Westbury, NY)
located in a nitrogen-filled glovebox (Plas-Labs; Lansing, MI). The
fluorinated cover glass was prepared by submerging it in a mixture
containing 1% v/v trichloro(1H,1H,2H,2H-perfluorooctyl)silane
solution in toluene for 20 min, rinsing it in toluene, and then drying
it in a chemical hood. The adhesive coating was purified by soaking it
in DMSO, ethanol, and DI water for $ min, $ min, and overnight. The
catechol-based precursor solution was prepared by dissolving 1 M
MEA with 10 mol % of DMA, 1 mol % of MBAA, and 0.2 mol % of
DMPA in 75% (v/v) DMSO and DI water. The catechol-based
coating was prepared in the same method and washed with a solution
of pH 5 overnight. The samples were freeze-dried and analyzed using
attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy technique (IRTracer-100, Shimadzu Corporation;
Kyoto, Japan). The surface thickness was measured using a Filmetrics
3D Profilometer (Profilm3D, Filmetrics, Inc.; San Diego, CA) and
reported as average thickness. The surface morphology was
characterized using a field emission scanning electron microscope
(FE-SEM; Hitachi S-4700, Hitachi, Ltd.; Tokyo, Japan).

2.4. JKR Contact Mechanics Tests. JKR contact mechanics
device used in this study consisted of a custom-built indenter (ALS-
06, Transducer Techniques), a 10-g load cell (Transducer
Techniques), and a high-resolution miniature linear stage stepper
motor (MFA-PPD, Newport) (Figure 3).>"*” The indenter was
mounted with one of four types of hemispheres with a diameter of 1/
4”. The hemispheres consisted of borosilicate glass (Si), titanium
(Ti), amine-functionalized borosilicate glass (NH,), or polystyrene
(PS). The hemisphere was brought into contact with the adhesive
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Figure 3. (a) Schematic of JKR contact mechanics test on a thin
coating sample. (b) Photographs of silica (Si), titanium (Ti), amine-
functionalized silica (NH,), and polystyrene (PS) hemispheres were
used as contact surfaces.

coating at a speed of 1 gm/s until a maximum preload of 10 mN and
then retracted at the same speed. Prior to the contact, the interface
was wetted with 40 uL of interfacial solution buffered at a desired pH.

Based on a JKR theory, which describes a spherical tip onto a film
on a rigid substrate, the adhesion energy equals to critical energy
release rate (G.) in a load-controlled experiment, the maximum

tensile force (F,,) was used to determine the G, as calculated
by:3335

.
3zR

where R is the radius of the hemispheric contacting surface.

Prior to adhesion testing, the adhesive coatings were first incubated
at different pH levels for 1 h. To study the switchability of the
adhesive coating, the coating was incubated at a given pH level for 1 h
before the subsequent contact cycle. The pH of the incubation liquid
and the interfacial solution was kept the same for a given contact
cycle. To investigate the effect of indentor speed on the measured G,
values, tests were performed at 0.3, 0.5, and 1 pum/s. To investigate
the effect of capillary effect, the amount of the interfacial liquid was
increased up to 300 pL. For elevated liquid level, a well was created
around the contact area using a rubber ring with a diameter of 10 mm
to contain the extra liquid.

2.5. Density Functional Theory. The interaction energies of the
adhesive molecules with the silica surface were calculated using
density functional theory. The Vienna ab-initio simulation package
(VASP) based on the projected augmented wave (PAW)
pseudopotentials was employed.*>*” The Perdew—Burke—Ernzerhof
form of the generalized gradient approximation (PBE-GGA) was used
with the cut-off energy of 500 eV.*® The energy and force
convergence criteria were set to 1 X 107 eV and 0.01 eV/A,
respectively, and the Monkhorst—Pack k-point mesh of S X S X 1 was
used for calculations.> The hydroxylated silica surface from the (001)
surface of a-cristobalite was used as the model surface. The surface
was modeled with a 3 X 3 X 1 supercell and a vacuum thickness of 20
A. Different thicknesses of silica surfaces were tested to find the
optimal surface thickness and six layers of Si were sufficient to
describe the adsorption process of the considered catechol and
SHAM molecules based on the calculated surface energy (Figure S1).
The top Si layer was passivated with two —OH groups, generating
geminal silanols (SiOH), while the bottom layer of Si atoms was
terminated by H atoms. The optimized structural parameters of the Si
surface match those from previous publications (Table $1).*%*'

To determine the optimum orientation for the adhesive molecule
with respect to the surface, SHAM was oriented in both horizontal
and vertical arrangements to determine the equilibrium configurations
with the minimum energy (Figure S2). The distance between the
molecule and the surface was varied in steps of 0.5 A while keeping
the atomic position fixed. The perpendicular-1 configuration of
SHAM, where both the hydroxamic acid and hydroxyl group were
pointing downward, had the lowest energy among the three
configurations with an equilibrium distance of ~2.2 A. This
configuration was used in subsequent calculations. The configuration

Gc = max

e
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was then fully relaxed by fixing the bottom two layers of the surface.
The dispersion interaction has not been considered in our
calculations, as the change in pH was reported to affect only the
electrostatic interaction between the molecule and the surface.”

To determine pH-dependent interaction strength between a surface
(S) and a molecule (M), the interactions between all combinations of
their neutral (S° and M°) and deprotonated (S, M~!, and M%)
states were determined. At a specific pH, the pH-dependent binding
energy (EB") is given by:*

0 0
Ef" = ) Y EgyFeFy
i=—1 j==-2

)

where F is the fractional concentration and E is the interaction energy
of the combinations. Fractional concentration of S and M was
evaluated using modified Henderson—Hasselbalch equations:**

[H'
[HYPY + K,,. [H'] + K. K,

E, (neutral) =

3)

K,. [H']
[HYP* + K, [H] + K,,. K,,

F_, (deprotonated) = @
4

K, K,
[HP* + K, [H] + K,,. K,

F_, (deprotonated) = )
S

where K,; = 107P%, K, = 107752, and [H*] = 107", The pK, values
for silica vary from 4.5 to 8.5 depending on the surface’s arrangement
of the —SiOH groups.*** Here, a pK, value of 7.5 was utilized, which
was the mid value of 4.5 and 8.5 estimated by the surface
complexation model.* The pK, values of SHAM were 7.4 and 9.7
for the hydroxamic acid and phenol, resepectively.”® The pK, value of
9.5 was used for catechol.*® The second pKa value (11.5) for catechol
was not utilized in our calculations is higher than the pH range that
we are considering. Finally, the interaction energy (E,) of an
adhesive molecule interacting with the silica surface was calculated as:

(6)

2.6. Statistical Analysis. The R Project software was used to
perform statistical analysis. One-way analysis of variance (one-way
ANOVA) with the Tukey method and Student's t-test was used for
comparing multiple and two groups, respectively, using a p-value of
0.0S.

E .=E E

silica Emolecule

int silica+molecule

3. RESULTS AND DISCUSSION

DHMAAB was synthesized in one step to obtain a polymer-
izable monomer with a SHAM side chain functionalized with
methacrylamide (Figure 1c). The 'H NMR spectra of
DHMAAB confirmed the presence of the hydroxamic acid
(9.90 and 7.76 ppm), phenolic hydroxyl (13.14 ppm), protons
on the benzene ring (7.77, 7.35, and 7.16 ppm), as well as the
methyl group (1.94 ppm) and a double bond (5.81 and 5.55
ppm) found in the methacrylamide (Figure S3). UV-—vis
spectra demonstrated the pH-dependent nature of the SHAM
side chain (Figure S4). SHAM displayed the protonated form
with a peak at 4., of 304 nm at a pH between 3 and 5.”” At
intermediate pH levels of 7.4 and 9, the UV—vis spectra
exhibited a decrease in the absorbance associated with the
protonated SHAM (4,,,, = 304 nm) and an increase in the
absorbance at 336 nm associated with the formation of the
single deprotonated form of SHAM. When the pH was
increased beyond 9, a new peak was formed at 334 nm,
corresponding to the peak of the double deprotonated form of
SHAM.

The adhesive coatings were covalently linked to the surface
of glass slides (Figures 2 and SS). The average thicknesses of
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Figure 4. G, of (a) SHAM-containing adhesive and (b) catechol-containing adhesive when contacting different surfaces including borosilicate glass
(Si), titanium (Ti), amine-functionalized borosilicate glass (NH,), and polystyrene (PS). Adhesive coatings were subjected to three repeated
contact cycles tested sequentially at pH 5, 9, and then 5. *p < 0.05 when compared to the first contact at pH 5. *p < 0.05 for the third contact cycle

when its value differs from that of the third contact at pH 9. (n = 3).
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Figure S. G, of (a) SHAM-containing adhesive and (b) catechol-containing adhesive when contacting Si surface. The first contact was tested at
different pH levels ranging from pH S to 11. The second contact was performed at pH S. *p < 0.0S when compared to the first contact at pH S. (n

= 3).

SHAM:-based and catechol-based coating were 1.35 + 0.10 and
1.61 + 0.33 um, respectively. The coating appeared
homogeneous based on SEM images (Figure S6). The
polymerizable methacrylate group was first covalently linked
to the glass surface via silane chemistry using TMSPMA. An
adhesive coating consisting of 10 mol % DHMAAB and MEA
was polymerized and immobilized onto the slides through
photoinitiated free radical polymerization. For comparison
purposes, catechol-containing adhesive was prepared similarly
using DMA instead of DHMAAB. The composition of the
adhesive coating was verified using ATR-FTIR spectroscopy
(Figure S7). FTIR spectra showed the presence of the MEA
backbone (C=0 at 1730 cm™"), benzene ring (C=C at 1448
and 1521 cm™'), and N—O stretching (hydroxamic acid) at
1597 cm™!, which distinguished SHAM-containing adhesive
from catechol-containing adhesive.

JKR contact mechanics test was chosen to investigate the
interfacial bonding behavior of SHAM-containing adhesive
when contacting four different surfaces: borosilicate glass (Si),
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titanium (Ti), amine-functionalized borosilicate glass (NH,),
and polystyrene (PS) (Figure 3). The JKR test setup enabled
us to investigate adhesion in the presence of an interfacial
liquid with a specific pH, control the chemistry of the
contacting surface, and minimize the contribution of the bulk
mechanical property of the adhesive.'” The adhesive coatings
were subjected to three repeated contact cycles tested
sequentially at pH 5, 9 and then S. pH 5 was chosen to
evaluate the adhesive property of protonated SHAM and
compare it to that of catechol in its reduced form. At pH 9,
SHAM is converted to the deprotonated state, while catechol is
oxidized. The third cycle evaluates the ability of the adhesive to
recover its initial adhesive property. Exemplary contact curves
and maximum tensile data are shown in Figures S8—S10 and
S12-S18.

SHAM demonstrated strong adhesion at pH 5 and weak
adhesion at pH 9 (Figure 4). Using Si as the example, the
measured critical energy release rate (G.) was 1.73 + 0.23 J/

m* at pH 5. This value decreased by more than 94% when
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tested at pH 9. When the SHAM-based coating was further
incubated in a pH S buffer, it fully regained its initial adhesive
properties G. = 1.76 + 0.17 J/m> This suggested that the
protonated form of SHAM is responsible for elevated
interfacial bonding and could be tuned by changing pH.
Most importantly, the adhesive properties of SHAM are fully
recoverable.

While SHAM demonstrated similar pH-responsive adhesive
properties when contacting Ti and NH, surfaces, the initial G,
values at pH 5 were 37 and 8% less than that of the Si surface,
respectively. This indicated that SHAM binds more strongly
with Si. At pH 9, SHAM retained marginal levels of adhesion
to the NH, surface (G.= 0.80 + 0.17 J/m?), potentially due to
an increased positive charge on the surface for cation—z
interaction. Interestingly, the adhesive properties of the
SHAM:-based coating on PS were independent of pH. This
indicates that the interaction between SHAM and PS is based
on 7—7 interaction and is not affected by the deprotonation of
SHAM.

The measured adhesive properties for SHAM were mostly
comparable to those measured for catechol. The interaction
between SHAM and Si surface was approximately 1.5 times
stronger than that of catechol. Similar to SHAM, catechol
demonstrated decreased adhesion with increasing pH (Figure
4b). However, when further tested at an acidic pH in the 3rd
contact cycle, catechol did not recover its initial adhesive
property. This data corroborates previous findings where
catechol irreversibly oxidizes after exposure to the basic
condition.”> Notably, catechol oxidizes to form quinone,
which forms a fully conjugated cyclic dione structure (Figure
S11). As such, it lost its ability to interact with NH, and PS
surfaces through cation—z and 7—7 interactions, respectively.
This differs from SHAM, which retained a higher level of
adhesion at pH 9 compared to catechol. This indicated that
SHAM retained its benzene ring structure and did not
autoxidize.

The ability of SHAM to recover its adhesive property after
treatment at different pH levels (pH S—pH 11) was further
evaluated using a Si surface (Figure S). The adhesive
properties of SHAM decreased with increasing pH levels,
potentially due to the deprotonation of the pendant
hydroxamic acid and hydroxyl group. However, regardless of
the pH, SHAM fully recovered its initial adhesion strength
when tested at pH 5 in the second contact cycle. Most notably,
SHAM recovered its adhesive properties even after it was first
incubated at pH 11, demonstrating its impressive stability to
base treatment. Conversely, catechol lost its adhesive property
when treated with a basic solution and did not regain its initial
adhesive properties after subsequent incubation at pH 5.

To further investigate the adhesion switching capability of
SHAM, a JKR contact mechanics test was performed on
SHAM:-based coating after repeatedly incubating in pH S and
9. Over five complete contact cycles, the adhesive properties of
SHAM were repeatedly modulated with changing pH (Figure
6). The measured G, values of SHAM-based coating were
reduced by 83—88% after each treatment with basic pH. G,
recovered successfully to their initial level with the treatment of
pH 5. These results indicated that the SHAM-based coating
could repeatedly switch its adhesive properties in a pH-
dependent manner.

To investigate the influence of the indentor speed on the
measured G, values, JKR contact mechanics tests were
conducted on the SHAM-based coating at indentation and
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retraction speeds of 0.3, 0.5, and 1 yum/s (Figure S16). The G,
values for 0.3 and 0.5 um/s were at a similar level but increased
slightly when tested at 1 ym/s. It is not clear if the increase in
the G, value was attributed to water being squeezed out at the
interface during contact or if this is due to the viscoelastic
property of the material itself.*”** However, given that all the
experiments were performed in the same indentor speed and
that all the coatings are composed mostly of the same
composition, we expect that a similar level of increase in the G,
values would be measured in all of our experiments.
Additionally, the measured changes in G, values as a result
of pH change were much greater than the differences observed
as a result of changes in the indentor speed. Similarly, we
investigated the effect of capillary effect on the measured G,
values by varying the amount of interfacial liquid (Figure S17).
The G, values were not statistically different regardless of the
amount of interfacial liquid (Figure S18). This indicates that
the capillary effect is not a factor in our adhesion testing.
Additionally, we estimated the capillary force (0.894 mN from
eq S1)* to be negligible when compared to the F, . values
(>20 mN).

To understand the interaction of SHAM with the Si surface,
we performed DFT calculations using hydroxylated silica
surface consisting of the (001) surface of a-cristobalite. Six Si
layers were used to simulate the surface in the periodic slab
model (Figure S1). The top Si layer was passivated with two
—OH groups to generate geminal silanols (SiOH). The DFT
results find that the equilibrium configuration consists of
SHAM pointing perpendicularly toward the surface (Figure 7).
We note that our DFT results are similar to those reforted for
the case of catechol interacting with the Si surface.”” For the
subsequent analysis, we used the equilibrium configuration of
SHAM interacting with the Si surface.

To evaluate the pH dependency of SHAM—Si interactions,
DFT calculations were performed on the conjugated
complexes of the surface (S) and the adhesive molecule
(M), having six possible combinations of their neutral (S° and
M°) and deprotonated (S', M, and M) states (Figure
S19). The calculated binding energy shows that all
combinations except S'M ™ and ST'M 2 are stable. For
S°M°, the interaction was mediated by the hydrogen bonds
formed between H atoms of the hydroxamic acid and phenol
groups with silanol oxygen atoms of the surface with
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Figure 7. Equilibrium configurations of (a) SHAM and (b) catechol on the silica surface. The dashed lines indicate hydrogen bonds formed

between the adhesive molecules and the Si surface.

interaction energy (E;,) of —24.37 kcal/mol. Bader charge
analysis showed that a charge transfer of ~0.1e was associated
with this interaction.”® On the other hand, ST'M° is highly
stable with E;, —42.4 kcal/mol. This stability can be
attributed to a charge transfer from the H atoms of the
molecule to the deprotonated silica surface. We further note
that the interactions within "M ™' and S™'M™! were slightly
attractive, with Eg of —10.0 and —5.4 kcal/mol, respectively.
Similar to the salicylic acid interaction with silica reported in a
previous study,”’ the interactions in these complexes were
mediated by proton sharing between the O atom of the
deprotonated SHAM and the H atom of the surface. Finally,
S°M ™2 and S7'M™? complexes were predicted to be unstable
with positive E,, values (19.4 and 25.2 kcal/mol, respectively)
indicating repulsive interactions in these complexes.

Next, modified Henderson—Hasselbalch equations were
utilized to determine the mole fractions of the neutral and
deprotonated forms of the surface and the adhesive molecule
based on their corresponding pK, values (Figure $20).** The
derived mole fraction values were then used to determine their
pH dependency and combined binding energy (Eg) at a given
pH (Figure 8). At low pH values (pH < 6), the interaction
between SHAM and the surface was dominated by the S°M°
pair. At intermediate pH values (6 < pH < 10), the interaction
was dominated by S7'M™' with small contributions from
S°M ™" and S™'M? pairs. This is not the case with higher pH
values (pH > 10), for which the repulsive S™'M™* pairs
dominate the interaction between SHAM and the surface.
Catechol also demonstrated a similar trend where S°MC,
S7IM°% and ST'M™! dominated at low, intermediate, and
elevated pH levels, respectively (Figure S21).

Figure 8c shows the variation in Ey with pH values obtained
from the individual pair of the complex at different
deprotonation states. At lower pH, a large negative value of
Eg = =25 kcal/mol indicated a strong adhesion of SHAM to
the surface. In contrast, a positive Eg value at the higher pH
affirms the lack of adhesion of SHAM with the surface. A
similar pH dependency of E; was observed for catechol
interacting with the Si surface. However, a weaker adhesion
with Eg = —13 kcal/mol was observed at acidic pH values.
Overall, the experimental results based on JKR contact
mechanics testing (Figure S) are consistent with DFT
predictions. Both SHAM- and catechol-based adhesives
demonstrated the highest level of adhesion at pH S, and
their adhesive properties decreased with increasing pH.
Moreover, SHAM demonstrated stronger adhesion to the Si
surface when compared to catechol.
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Taken together, SHAM demonstrated the ability to function
as a switchable adhesive molecule that could bind to various
types of surfaces under wet conditions. SHAM possesses
adhesive property that rivaled catechol. The structural
similarity between SHAM and catechol likely contributed to
the versatility of SHAM in binding to substrates ranging from
glass and metal to a polymer surface. Although the adsorption
of SHAM onto mineral surfaces has been previously
reported,52’53 the formulation of SHAM into an adhesive
have not been previously demonstrated. Most importantly, our
report is the first to directly compare the interfacial bonding
behavior of SHAM with that of catechol, a well-characterized
underwater adhesive moiety. Additionally, SHAM exhibited
superior resistant to base treatment. The propensity for
catechol to oxidize irreversibly greatly increases the difficulty
when fabricating and delivering catechol-containing adhesive.”*

Currently, there is a limited number of adhesive molecules
that can function as underwater switchable adhesives for
binding to multiple surface types. Adhesive molecules that rely
on electrostatic or supramolecular interactions can only bind to
surfaces with a specific chemistry.”’ Catechol remains one of
the most versatile adhesive moieties for switchable, wet
adhesion. However, a temporary protecting group in the
form of boronic acid is required to preserve the reversibility of
catechol and it is often difficult to completely dissociate the
catechol—boronate complex to fully recover the initial adhesive
property of catechol.””* In contrast, SHAM demonstrated the
reversibility needed for switchable adhesion without the need
of a protecting group. The use of a single molecule makes
SHAM an attractive option in designing switchable adhesives.

4. CONCLUSIONS

SHAM-containing adhesive demonstrated strong interfacial
bonding characteristics to different wet surfaces, and the
measured adhesive properties of SHAM were comparable to
those of catechol. Additionally, the adhesive property of
SHAM decreased with increasing pH levels. When SHAM was
exposed to acidic pH, it fully recovered its initial adhesive
property. This is drastically different from the catechol-
containing adhesive, which did not recover its adhesive
property due to irreversible oxidation. The DFT results find
a proton-sharing mediated interaction between the O atom of
the deprotonated SHAM and the H atom of the surface.
Additionally, DFT calculations confirmed the experimental
results where SHAM exhibited pH-dependent surface bonding
behavior. The findings reported here demonstrated that
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Figure 8. pH-dependent (a) mole fractions and (b) binding energies
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SHAM can function as a pH-responsive and switchable
adhesive molecule for binding to different wet surfaces.
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