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Abstract

Slide-ring materials are polymer networks with mobile cross-links that exhibit im-
pressive stress dissipation and fracture resistance owing to the pulley effect. On account

of their remarkable ability to dissipate the energy of deformation, these materials have
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found their way into advanced materials such as abrasion-resistant coatings and elas-
tic battery electrode binders. In this work, we explore the role of mobile cross-links
on the properties of a bio-friendly pressure-sensitive adhesive made using composites
of cyclodextrin-based macromolecules and poly(lipoic acid). We modify cyclodextrin-
based hosts and polyrotaxanes with pendant groups of lipoic acid (a commonly in-
gested antioxidant) to incorporate them as cross-links in poly(lipoic acid) networks
obtained by simple heating in open air. By systematically varying the adhesive formu-
lations while probing their mechanical and adhesive properties, we uncover trends in
structure-property relationships that enable one to tune network properties and access

bio-friendly, high-tack adhesives.

Introduction

While supramolecular adhesives have been in development since adhesion enhancements
due to self-assembly were first discovered in the 1990s,! research interest in these materials
has surged in the past few years.?® Noncovalent interactions such as hydrogen bonding,®

9 and 77 stacking!® adhere

ion pairing,” hydrophobic effects,® metal-ligand complexation,
these materials to a wide variety of glass, ceramic, metal, plastic, and natural substrates.
Supramolecular motifs may further confer a number of beneficial properties to adhesive
materials, including the capacity for stimulus response,''*? self healing,! high strength,*
or resistance to water!'® and other solvents.® Some prominent examples of supramolecular
adhesives include mussel-inspired polymers functionalized with catechols!” (which combine
several types of interactions!®), self-complementary hydrogen bonding pairs such as nucle-
obases!¥ and ureidopyrimidanones,?® and a variety of macrocyclic host-guest systems.?!
Lipoic acid (LA), a natural product and dietary supplement consumed as an anti-oxidant,
has recently been identified as a promising synthon for adhesives.?? The dithiolane moiety

23-25

of LA undergoes ring-opening polymerization spontaneously in melt to form poly(LA)

via disulfide exchange.?* Rich in carboxylate groups, poly(LA) demonstrates excellent ad-



hesive properties,?02® but only if its tendency to crystallize?® is suppressed. Vinyl®® and

iron?23! additives are simple, low-cost options to hinder poly(LA) crystallinity via cross-

linking, producing materials that are remarkably adhesive and extensible. Cyclic poly(LA)

3233 can also display suppressed crystallinity, good

obtained by ring-opening polymerization
adhesion, and recyclability.?® The reversibility and redox sensitivity of the disulfide bonds in
the poly(LA) backbone also imparts the adhesives with redox- and temperature-responsive
behavior and the capacity for self-healing.??

Another promising motif for supramolecular adhesives is the bead-on-string structure of
polyrotaxanes (PRs).?* The translation of macrocycles along a PR backbone provides an
additional mechanism for stress dissipation beyond chain uncoiling and stretching.3%3¢ PRs
have been used in a number of adhesive formulations to bond materials such as hydrogels, 373®
organogels,® resins,? and cells.**? PRs have also demonstrated remarkable performance as

43745 attributed to their ability to dissipate the large

adhesive binders in Si-anode batteries,
stresses associated with volumetric changes at the anode. Recently, acrylic-based pressure-
sensitive adhesives derived from PRs have been reported to exhibit high adhesive energies and
large extensibilities attributable to ring sliding.%® PRs are most commonly assembled from

cyclodextrin (CD) hosts, since they are commercially available, bio-friendly, and capable of

threading a variety of polymer chains.*” However, hydrogen bonding among the CD rings

48,49 50,51

imparts these PRs with low solubility and they char instead of melting, which pre-

cludes them from most conventional materials processing techniques.? Therefore, CD-based
PRs are typically functionalized to improve their processability and functionality.3%23:54
Pressure-sensitive adhesives (PSAs) are viscoelastic polymers that quickly bond with
various substrates under light applied pressure due to high fluidity, elasticity, and cohe-
sive strength.® The need for bio-based and bio-friendly adhesives is of great interest®¢®
because of the negative environmental impact of current petroleum-based adhesives. In

this regard, poly(LA) and cyclodextrin-based compounds are both attractive because they

are food-grade materials that can be sourced from renewable bio-based feedstocks. How-



ever, adhesives based on both of these polymers often compromise on sustainability through

43-46 1 22

modification with petroleum-based acrylics or vinyl“* compounds. Here we introduce
new supramolecular PSA materials derived from viscoelastic LA polymers cross-linked by
bio-friendly cyclodextrin-based compounds in the form of lipoated a-cyclodextrin (LCD) or
lipoated PEGC(a-CD),, PRs (LPR). Adhesion of PSAs is strongly dominated (>99%) by
the work of viscoelastic deformation during failure of the bond.®® Therefore, LPR is expected
to to enhance energy dissipation (and therefore adhesive strength) by way of its ring-sliding

t,93°9:60 yunder viscoelastic deformation. Since a-CD

motions, also known as the pulley effec
is known to host LAY and many alkanoic acids,®® we also expect a binding interaction
between LCD and the pentanoate side chains of poly(LA), and possibly even through-the-
annulus threading during polymerization, % thus providing a similar mechanism for dissipat-
ing mechanical energy through dynamic host-guest exchange. Lipoated poly(vinyl alcohol)
(LPVA) is included as a biocompatible, yet petroleum-based and non-supramolecular con-

trol. A widely available commercial PSA (UHU Tac) that claims strong adhesion to most

surfaces is chosen as a petrochemical-derived adhesive for the sake of comparison.

Experimental section

Materials

35 kDa molecular weight (MW) poly(ethylene glycol) (PEG35k) was purchased from
EMD Millipore Corporation. (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) and
l-adamantanamine hydrochloride (AdNHy-HCl) were purchased from TCI America.
a-Cyclodextrin  (a-CD), (benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluo-
rophosphate) (BOP) reagent, and D,L-a-lipoic acid (LA) were purchased from Chem Impex
International, Inc. Ethylene diisopropylamine (EDIPA) was purchased from Alfa Aesar. Car-
bonyldiimidazole (CDI) and sodium hypochlorite (NaOCI) solution with 5% free chlorine was

purchased from Spectrum Chemical. Sodium bromide (NaBr) was purchased from Acros Or-



ganics. Hydrochloric acid (HCI, 37%) was purchased from Sigma-Aldrich. Sodium hydrox-
ide (NaOH), N,N-dimethylaminopyridine (DMAP), dichloromethane (CHyCly), dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO), triethylamine (TEA) were purchased from
Fisher. Ethanol (EtOH) and methanol (MeOH) were purchased from Decon Laboratories,
Inc. Poly(vinyl alcohol) (PVA) (87.0-89.0% hydrolyzed, MW ~13,000-23,000) was purchased
from Thermo Scientific. All materials were used as-received. Reverse osmosis (RO)-purified
water was obtained from a centralized source in our campus facility through a tap. A ruby-
doped glass sphere (6.35 mm diameter) used for the custom-built probe indenter was acquired
from Edmund Optics (NJ, USA) and PTFE spheres (6.35 mm diameter) were obtained from
McMaster Carr (IL, USA). Cellulose membrane tubing (1 inch diameter) with a molecular
weight cut-off (MWCO) of 3500 was purchased from Sigma Aldrich.

Synthetic Procedures
Synthesis of unmodified polyrotaxane (uPR)

Adamantane (Ad)-capped unmodified polyrotaxane (uPR) was synthesized from
poly(ethylene glycol)dicarboxylate (PEGDC), a-CD, and adamantamine (AdNH,).

PEGDC. PEG (10g, MW = 35k, 0.3 mmol) was dissolved in RO water (100 mL) main-
tained at pH 10 with 1 M NaOH solution (100 pL). TEMPO (100 mg, 0.6 mmol), NaBr
(100 mg, 1 mmol), and NaOCI solution (15 mL) were added and the reaction was stirred
at room temperature (RT) for 20 min. EtOH/MeOH, equal in amount to NaOCI solution,
was added to quench any unreacted NaOC], followed by dropwise addition of HCI (0.003 M)
until the pH was <2, in order to ensure protonation of PEGDC. The polymer was extracted
from the aqueous solution into CHyCly (3 x 100 mL) and dried under a constant stream of
air. The residue was dissolved in hot EtOH (200 mL) followed by overnight refrigeration
to precipitate PEGDC, which was collected by vacuum filtration and dried under vacuum

at 60 °C to yield PEGDC (6 g, 60%) as a white powder, which was used without further



purification.

uPR. Unmodified adamantamide-capped PEGC(a-CD),, polyrotaxane (uPR) was synthe-
sized by a modified literature procedure.®® PEGDC (3g, 0.09 mmol) was dissolved in RO
water (100 mL) and maintained at 80 °C with stirring. a-CD (12g, 12 mmol) was added and
the solution was stirred for 30 min until it was no longer turbid. The solution was placed
in a refrigerator at 4 °C overnight to precipitate the PEGC(a-CD),, inclusion complex, or
pseudo-polyrotaxane (pseudoPR), which was isolated as a white powder by lyophilization
(Labconco FreeZone 4.5 L benchtop model) and used without further purification. The
crude pseudoPR (~10 g) was dispersed in anhydrous DMF (100 mL). BOP reagent (0.48g,
1.1 mmol), AdNH, (1.6g, 1.1 mmol) — obtained from AdNH,-HCI] by washing with aqueous
NaOH, extraction in CH5Cly, and drying by rotary evaporation — and EDIPA (200 pl, 1.1
mmol) were added to the slurry and the mixture was stirred at RT for 30 min. The slurry
was placed in a refrigerator at 4 °C overnight to stopper the pseudoPR, affording the crude
unmodified polyrotaxane (uPR). The resulting polymer was purified by centrifugal washing
with water, followed by MeOH. The product was dried under vacuum at 70 °C overnight,
dissolved in DMSO at a concentration of 10% w/v, and the same precipitation, centrifu-
gation, and drying procedure was repeated a second time to obtain uPR as a white solid
(5.6 g, 48%). The 'H NMR spectrum of uPR, consistent with literature,% was used to esti-
mate an inclusion ratio of ~27% (corresponding to approximately 106 a-CD rings per chain)
by comparative signal integration of the Ad and a-CD resonances (Figure S1(inset)). The
molecular weight (MW) of PR was estimated by 'H NMR spectroscopy to be ~138 kDa, in
good agreement with the MW estimation of ~130 kDa by gel permeation chromatography
(GPC, Figure S2a).



Synthesis of Lipoated Cross-Linkers

Lipoation of a-cyclodextrin (a-CD), and poly(vinyl alcohol) (PVA), and polyrotaxane (uPR)

was achieved by esterification of the pendant alcohol moieties of each scaffold (Scheme S1).

Lipoated Polyvinyl Alcohol (LPVA). A roundbottom flask was charged with ~88%
hydrolyzed PVA (2g, 130 umol, DP ~500) and 50 mL anhydrous DMSO and the mixture
was stirred under an atmosphere of nitrogen. A solution of LA (10g, 50 mmol) in anhydrous
DMSO (25 mL) was added, followed by EDC.HCI (9.6 g, 50 mmol) and TEA (3.6 mL, 28
mmol). The reaction was stirred for 3 days at 35 °C under nitrogen. The product was
precipitated in excess MeOH (500 mL), washed over 3 cycles of centrifugation (10 minutes
at 3000 rpm) in MeOH, and dried under vacuum at room temperature overnight to obtain
LPVA as a brown-colored solid (4 g). The increase in number-averaged MW of ~3000 mass
units determined by GPC (Figure S2b) corresponds to an average gain of ~15 LA units,
in good agreement with the ~3% modification ratio determined by NMR signal integration

(Figure S3) of selected lipoate and OH signals.

Lipoated Cyclodextrin (LCD). «a-CD (2 g, 2 mmol) was dissolved in 50 mL anhydrous
DMSO and maintained at 35 °C while stirring under an atmosphere of nitrogen. LA (6g,
28 mmol) was dissolved separately in anhydrous DMSO (50 mL) under the same conditions.
The LA solution was added to the a-CD solution, followed by EDC-HCI (5.6g, 28 mmol)
and TEA (2 mL, 28 mmol). The reaction was stirred for 3 days at 35 °C under nitrogen.
The crude reaction mixture was poured into MeOH (500 mL) and washed over three cycles
of centrifugation in MeOH (decanting and replacing the supernatant each time) to obtain
a pellet, which was dried under vacuum (overnight) without application of heat to obtain
LCD as yellow-tinted white solid (1.2 g). The extent of lipoation was estimated by 'H
NMR spectroscopy (Figure S4) to be ~10 lipoate ester groups per CD ring. The NMR

spectrum shows signal broadening indicative of self-assembly, consistent with the known®!



self-assembly of LAC a-CD host-guest complexes. Two highly upfield-shifted signals (7.5—
8.0 ppm) are consistent with thiol-thiolate hydrogen bonds.®* Since these signals are not
observed in LPVA and LPR, the stabilization of these hydrogen bonds is likely facilitated

by the cavity of the CD host.

Lipoated Polyrotaxane (LPR). uPR (2g, 7umol) was dissolved in 50 mL anhydrous
DMSO and maintained at 35 °C while stirring under nitrogen. LA (6g, 28 mmol) was dis-
solved in anhydrous DMSO (50 mL) under the same conditions. Upon complete dissolution
of the uPR, the LA solution was added, followed by EDC-HCI (5.6g, 28 mmol) and DMAP
(3.6g, 28 mmol). The reaction was stirred for 3 days at 35 °C under nitrogen. An aqueous
1 M NaOH solution (30 mL) was added to the reaction and the contents of the reaction
vessel were dialyzed (3500 MWCO cellulose membrane tubing) for 3 days against RO water
(4L) to remove unreacted sodium lipoate, replacing the bath with fresh water twice a day.
The dialized aqueous solution was lyophilized to obtain a brown solid (2.1 g). The extent of
lipoation was estimated by NMR (Figure S1) to be ~0.9 lipoate ester groups per CD ring,

corresponding to ~95 pendant lipoate groups per LPR molecule.

Synthesis of LA-Based Adhesives

The lipoated compounds (LCD, LPVA, or LPR) were mixed with lipoic acid at mass ratios
of 0:1, 4:1, 9:1, 99:1, and 1:0 in ~2 mL of anhydrous DMSO at a concentration of 20 % w/v.
After stirring the solutions overnight at ~80 °C, 100 uL of the homogeneous solution was
cast into a circular silicone mold (8 mm diameter x 500 pm thickness) on top of polyimide
tape (Kapton, used to transfer samples onto the adhesive testing setup) affixed to a glass
microscope slide, avoiding air bubbles at the interface, and placed in an oven maintained
at 80 °C for approximately 4 h. This cast-and-dry procedure procedure (see Figure 1) was
repeated twice to increase the thickness of the resulting adhesive films. After the final casting

step, the samples were left in an oven at 80 °C for ~12 hours to evaporate DMSO completely



and initiate the ring-opening polymerization of LA, which only occurs above its melting point
of ~70 °C.2* Sample thicknesses, determined by the dynamic mechanical analyzer while pre-
indenting the sample until a non-zero force is observed, varied between 500-800 pm. The
pre-adhesive solutions were also cast directly on glass to capture photographs (see Figure 1)
of the adhesives without the yellow background color of Kapton, and for the load-bearing

tests.

Characterization Procedures
NMR Spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy was performed on a Bruker Avance-111 300
MHz NMR spectrometer at room temperature and spectra were analyzed in MestReNova
software (v14). The spectra were referenced to the residual solvent signal (2.50 ppm for

(CD3),50).

Gel Permeation Chromatography.

Gel permeation chromatography (GPC) was performed on a Tosoh EcoSEC 8320 system
equipped with columns for DMSO as the solvent. MW estimates were determined using

PEG standards of known MW as calibrants in DMSO.

Probe-Tack Tests

The work of debonding for all of the adhesive formulations were measured using a dynamic
mechanical analyzer (Anton Paar MCR-702) with a custom-built compression plate that
serves as a probe indenter. The indenter fabrication and testing was similar to protocols
reported in the literature.%%:% The probe was constructed by bonding either a glass or PTFE
(6.35-mm diameter) sphere securely on a flathead screw with high weld strength epoxy
glue (J-B ClearWeld) and allowed to cure for at least 1 hour. Upon ensuring sufficient

adhesion between the sphere and screw, the screw side of the assembly was affixed to an
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8-mm rheometer parallel plate (Anton Paar) with the epoxy glue. The red color of the ruby-
doped glass sphere was leveraged to enhance contrast with the background in the photographs

for accurate determination of contact area.

Thermal Behavior

Melting point and glass transition of the adhesives were measured using differential scanning
calorimetery (DSC). DSC Q2000 (TA Instruments) with a constant supply of nitrogen was
used to perform a heating run on the samples to determine the glass transition temperature
(T,) and melting behavior. A ramp rate of 10 °C was used to heat the sample from -80 °C to
100 °C. Degradation profile of the adhesives was determined by thermogravimteric analysis
(TGA). TGA 5500 (TA instruments) was used to heat the samples from room temperature
to 600 °C to elucidate the degradation behavior. The degradation profiles confirmed that the
samples were cast at a temperature where the adhesives are thermally stable. The highest

temperature used for DSC studies is also within the stable temperature window.

X-ray Scattering

The crystallinity of the adhesive specimens was characterized using Forvis Technologies wide-
angle X-ray scattering (WAXS) 30 W Xenocs Genix3D X-ray source (Cu anode, wavelength A
= 1.54 A) and Dectris Eiger R 1 M detector. The data were collected at a sample-to-detector

distance of 145.66 mm, while the samples were exposed to X-rays for 3 minutes.

Rheology

The rate-dependent properties of the adhesive formulations were characterized by shear
rheology on an Anton-Paar MCR-702 rheometer. Amplitude sweeps in the strain range
of 0.001-0.1% were carried out for all adhesive samples to ascertain the linear viscoelastic
(LVE) limit. The exception to this strain range was the commercial adhesive (UHU Tac)

used for comparison, which required a lower strain range of 0.0001-0.01% to determine the
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LVE. A strain (varying between 0.01 - 0.05%) well within the respective LVE limits of the
samples was chosen to perform frequency sweeps. The storage (G’) and loss (G”) moduli
were recorded as a function of frequency between 0.1-100 rad/s. An 8-mm parallel plate was
used to deform and record mechanical spectra while a 25-mm plate served as the bottom
plate. To align with the conditions for probe-tack tests, all rheological experiments were

carried out at room temperature (22 £ 1 °C).

Load-Bearing Tests

The load-bearing capacity of the top-performing adhesive formulation we tested (LA/LPR
99:1) was demonstrated by suspending a 100 g weight from two glass or PTFE slides bonded
together by the adhesive. A solution of 99:1 LA:LPR in DMSO (20 %w/v) was poured into
the same silicone molds (8mm diameter x 500pum thick), illustrated in Figure 1. Diffusion of
DMSO into the silicone mold was deemed minimal since no swelling, hazing, discoloration,
cracking or wrinkling was observed in the mold. In this case, the molds were placed directly
on a glass microscope slide or a PTFE strip cut to approximately the same size as the
glass slide. The same multi-step solution casting procedure described earlier and illustrated
in Figure 1 was used to deposit the adhesive on the plates. The two slides — one coated,
one uncoated — were bonded together under light pressure applied by hand, then placed
under a 1-kg weight to ensure that pressure was applied uniformly and reproducibly. A
100g standard weight was suspended from the adhered slides by a metal wire (hung from
a paper clip bonded to one glass slide with epoxy) in air or in a 4L Erlenmeyer flask filled
with water. A similar load-bearing test was employed for the 99:1 LA:LPR sample with a
4 kg weight comprising a glass bottle containing water. A video demonstration of the load

bearing capacity is available in the supplementary information.
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Results and discussion

The aim of this work is to lay a foundation for developing advanced pressure-sensitive adhe-
sives (PSAs) based on poly(lipoic acid) using only bio-friendly materials. In our approach,
we prepared several lipoated additives derived from biocompatible scaffolds — a-CD, PVA,

and PR — to be employed as cross-linkers in the ring-opening polymerization of LA.

Synthesis of Lipoated Cross-Linkers Cross-linkers are employed in poly(LA) adhesives
to increase MW and prevent depolymerization.?? In order to synthesize poly(LA) adhesives
with bio-friendly cross-linkers, we functionalized the a-CD, PVA, and PR scaffolds via es-
terification 7% of their hydroxyl groups with lipoic acid and EDC-HCI (Scheme S1). The
successful lipoation of each compound was confirmed by 'H NMR, spectroscopy (Figure S1,
S3, S4) and GPC (Figure S2). Lipoated PVA (LPVA) was isolated with an average of ~15
lipoic ester groups per macromolecule. LPVA was prepared as a fixed-crosslink control for
comparison with the host-guest cross-linker comprising lipoated a-CD (LCD), which was
isolated with an average of ~10 LA groups per molecule, as well as a sliding-crosslink scaf-
fold based on lipoated polyrotaxane (LPR), which was obtained with an average of ~0.9 CD

rings per chain, corresponding to ~95 lipoate groups per macromolecule.

Library of LA-Based Adhesive Formulations We leverage the thermally activated
self-polymerization of LA?* in the presence of lipoated cross-linkers to prepare adhesive
viscoelastic polymers. Varying mass ratios of LA and cross-linker (either chemical®® or
physical??) leads to changes in adhesive behavior. To help uncover patterns in structure-
property relationships, we varied network structure by preparing mixtures of LA with each
cross-linker at mass ratios of 0:1, 4:1, 9:1, 99:1, and 1:0 in concentrated DMSO solutions
(20% w/v). These solutions were cast in a circular silicone mold on Kapton tape or glass
and oven-dried at 80 °C (above the melting point of LA) to obtain the adhesives (Figure 1).

Thermogravimetric analysis of the adhesives shows no mass loss from the samples below 150
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Figure 1: Graphical schematic of the process by which poly(LA) adhesives are produced upon
ring-opening polymerization of LA in the presence of LPVA, LCD, or LPR cross-linkers, and
photographs of the adhesive formulations as-cast.

°C (Figure S5), unlike a pure DMSO sample which loses all mass by 150 °C. Since each cross-
linker is decorated with multiple pendent lipoic esters, we expect their dithiolane moieties to
become randomly incorporated?® in the poly(LA) chains as they grow and exchange bonds
during thermal self-polymerization, resulting in a branched macromolecular network (Figure
1). Photographs of each adhesive polymer on glass are shown in Figure 1. The 1:0 sample
of pure poly(LA) crystallizes rapidly and appears opaque, unlike the cross-linked mixtures
which are more transparent, indicating lower crystallinity. We observed that the cross-linked
mixtures also become more opaque over time (1-3 weeks), except for those based on LPR,

which retain their translucent appearance for at least 4 months.

Probe-Tack Tests on Glass and PTFE We employed 6.35-mm spherical probes of glass

or PTFE to evaluate the adhesion of our formulations on a dynamic mechanical analyzer,
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Figure 2: Overview of probe-tack testing setup and analysis. (a) Photographs of the spherical
probe (with parts labeled) in the dwell and retraction phases of a probe-tack test on 99:1
LA:LPR. (b) Conceptual schematic showing how the force vs. time data is processed to
determine the relaxation time (7g) using the KWW function and work of debonding (W)
by integrating the area under the stress vs. displacement curve.

inspired by recent reports employing spherical probes. 56669 The probe-tack tests are divided
into three stages (Figure 2): load, dwell, and retract. First, the probe is brought into contact
with the surface while being lowered slowly until a non-zero force (~0.01 N) is registered.

The sample is then indented to a depth of 20 pum over 0.5s (“loading”). Then, in the
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dwelling stage, the loaded sample is allowed to relax for 120 s while measuring data on
the attenuation of force. The 120-s time interval, chosen to maintain consistency across all
samples, was long enough for most samples to reach their oq/e values. Finally, the probe is
immediately retracted at a rate of 0.1 mm/s until adhesive failure or a displacement of 50mm
(whichever occurs first) at a rate of 0.1 mm/s. Representative photographs of indentation
and retraction of 99:1 LA:LPR are shown in Figure 2a. Force is measured as a function of
time throughout the test. The work of debonding (W) is calculated from the retraction

data and the relaxation time (7g) is calculated from the dwell data.

Work of Debonding We measure the work of debonding (W) as an indicator of ad-
hesive energy. The Wy, values are calculated by integration of the stress vs. displacement
graphs generated during retraction of the probe. Representative examples of the stress vs.
displacement graphs obtained from all adhesive formulations are shown in Figure S6 for the
glass probe and Figure S7 for the PTFE probe. Each probe-tack test was repeated in trip-
licate and the average Wy, values were compared on glass (Figure 3a) and PTFE (Figure
3b). Several clear trends are observed with respect to the effect of LA:cross-linker ratio and

substrate material.

Effect of LA:Cross-Linker Ratio on Glass. In general, the work of debonding increases
substantially with increasing LA content, but pure LA is a poor adhesive (W ~10) owing
to its crystallinity. The 99:1 LA:cross-linker mixtures exhibit the highest W, values in all
cases. On glass, all three 99:1 formulas show very strong adhesion, with W, values exceeding
1000 J/m?, higher than the commercial PSA (UHU Tac, Wy, &~ 900 J/m?). Among all of
the PSAs we tested, the 99:1 LA:LCD formula forms the strongest bond with an average
work of debonding of 2500 J/m?. However, the LA:LPR mixtures are the least sensitive
to the cross-linker ratio, with the 4:1 and 9:1 formulas each matching UHU Tac, which is
5-6-fold stronger than the corresponding 4:1 and 9:1 LCD and LPVA adhesives. The 4:1

and 9:1 LA:LCD formulas, hardened by crystallinity, showed poor adhesion. The cause of

15



this relatively high crystallinity (especially in 9:1 LA:LCD, Figure S10b), remains an open

question.

Effect of the Substrate Material. PTFE is an inert, hydrophobic polymer with low sur-
face energy commonly used as a non-stick coating. Whereas polylipoates can hydrogen bond
with surface-bound oxygen atoms on glass, the supramolecular bridging interactions between
carboxylates and fluoropolymers are weaker.??2" Thus, as expected,”®™ Wy, is lower on
PTFE for all formulations. Unlike the case of glass, the bio-friendly 99:1 mixtures based
on the supramolecular LCD and LPR scaffolds outperform 99:1 LA:LPVA by an order of
magnitude on PTFE, each with remarkably strong bonds ( Wy, =~ 400), also fourfold stronger
than UHU Tac. On PTFE, where surface adhesion is less significant, the differences between
the CD-based cross-links and the PVA-based cross-links are amplified. PTFE reduces the
work of debonding by a factor of ~4 in 99:1 LA:LCD and LA:LPR, compared to a factor of
37 for LA:LPVA. The presence of mobile cyclodextrins are the key difference between these
cross-linkers, likely improving the material’s resistance to deformation by way of dynamic

binding site exchange or ring sliding motions (i.e., the pulley effect®°%50)  respectively.

Effect of Stress Relaxation Stress relaxation data can provide insight into an adhesive’s
internal processes on the molecular scale. For example, the self-diffusivity of polymers is
inversely proportional to the relaxation time 7g."® Larger self-diffusivity values contribute
to high molecular mobility which endows an adhesive with the ability to comply and exhibit
good tensile strain.® The ability of a soft material to relax fast allows it to “switch” easily
between the elastic state and viscous state. PSAs should be able to dissipate any deformation
in the adhered state but also retain micro- and macrostructure during debonding, ™ which is
why they are viscoelastic in nature and possess fast relaxation times. Fast relaxation times
ensure that the PSA can deform quickly enough to form a good interfacial contact with the
substrate, and also minimize the transfer of adhesive material to the bonded substrate.

We estimated relaxation times (7g) in our adhesives by fitting (Figure S8) the dwell curves
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Figure 3: Comparison of the work of debonding for all adhesive formulations with probes of
(a) glass and (b) PTFE. The dwell time was 120 s and the retraction rate was 0.1 mm/s for
all samples.

to the empirical stretched exponential Kohlrausch-Williams-Watts™ (KWW) function:

o(t) _ (-t/rm)? (1)

a(0)
where ¢ is time and and 3 is a stretching factor used to indicate the broadness of the relaxation

process associated with 7g.77® The Maxwell stress relaxation function (o(t)/o(0) = e(=/7R))

did not produce a good fit (R? < 0.6) implying that the relaxation observed in the LA-based
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Figure 4: Correlating the work of debonding with viscoelastic dynamics in the polymer ad-
hesives. (a) A plot of Wy, vs Tr shows an inverse correlation between adhesion strength and
relaxation time. (b) A plot of Wy, vs 5 shows that the stronger adhesives with increasing LA
content tend to have lower 3 values, indicating that inhomogeneities increase with increasing
LA content. (c) A plot of Wy, vs G shows an inverse correlation between adhesive bond
strength and storage modulus at a frequency of 1 rad/s, in agreement with the Dahlquist
criterion for adhesives (visualized by a dashed line and red/green shading).

adhesives is not governed by a single relaxation process, but could arise instead from multiple

coupled processes. The KWW equation has been widely used to model nonlinear processes in




polymeric and soft material systems.” ™ The KWW function applied to latex adhesives has
revealed the effect of atmospheric conditions, additive concentration, and substrate effects
on the cooperativity of their relaxation processes.®® Small-scale localized motions can also be
distinguished from larger segmental motions using KWW relaxation.®! In a recent study,%?
TR increased and [ values decreased as more cross-links were introduced. The reduction in
[ values indicates a diminishing cooperativity between polymer segments, associated with
retardation of segmental relaxation due to cross-linking.

The effect of stress relaxation in PSAs is not yet completely understood; 7 and adhesion
energy are well correlated in some PSAs,%3%* but uncorrelated in others.®586 In the case of
our LA-based adhesives, the work of debonding tends to increase with decreasing relaxation
times (Figure 4a). With the exception of 99:1 LA:LPVA, the high-LA-content adhesives
exhibit short relaxation times (7r <30 s), as does the commercial adhesive sample (UHU
Tac, 7r = 8.5s). The shorter relaxation time manifests as a “snap-off” (a term used to
describe adhesive or cohesive failure)®” when an adhesive is retracted at a faster rate, which
agrees with trends reported in the literature.%® Likewise, the poor adhesives with low LA
content exhibit much longer relaxation times, interfering with their ability to rapidly dissipate
energy.

The cooperativity of the adhesives (as indicated by the magnitude of 3) appears incon-
sistent within each adhesive series, but in general the g values decrease as lipoic acid content
increases (Figure 4b). The reduction in [ values suggests an increase in dynamic and/or
structural inhomogeneity, which may also enhance adhesion.®® Inhomogeneities in our sam-
ples could arise from the dangling poly(lipoic acid) chains, due to the incomplete gelation
of LA, or poly(lipoic acid) cyclic polymers which form in the case of racemic mixtures of
LA.?* Thus, the stress relaxation data obtained from the probe-tack tests indicates that the

strongest adhesives generally have shorter relaxation and more network inhomogenities.
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Rate-Dependent Investigations of the Adhesives Since the dynamic mechanical
properties of viscoelastic polymers are frequency dependent, it follows that their adhesion
properties are likewise rate dependent. We investigated the rate dependence of our adhesive

formulas by shear rheology and probe-tack tests of increasing retraction rate.

Shear Rheology The correlation between viscoelastic moduli and adhesion has been es-
tablished % since the pioneering work of Dahlquist®! in the 1960s. We employed shear
rheology (Figure S9) to further investigate correlations between the mechanical properties
of the poly(LA) formulas and their adhesion on glass. Frequency sweeps carried out at room
temperature (22+1 °C) over a frequency range of 0.1-100 rad/s reveal how sensitive the
LA:LPVA (Figure S9a), LA:LCD (Figure S9b), and LA:LPR (Figure S9c¢) mixtures are to
perturbation rates, and show that all of the networks soften with increasing LA content.
The strain was below the linear viscoelastic limit in all frequency sweeps, as determined by
amplitude sweeps in the range of 0.001-0.1 %.

Way is plotted against the storage modulus at 1 rad/s (G yu4ss) in Figure 4c in order
to reveal the inverse correlation between Wy, and G 7 44/, expected and explained by the
Dahlquist criterion,® which suggests that superb adhesives are soft with moduli <0.1 MPa.
The dynamic mechanical properties of the inspirational poly(LA) adhesives treated with

divinyl and iron cross-linkers also meet the Dahlquist criterion for soft adhesives.??

Effect of Retraction Rate To investigate the rate dependence of adhesion, we performed
probe-tack tests at increasing retraction rates (Vi) of 0.1, 1, and 10 mm/s (Figure 5a-d).
On glass, photographs (Figure 5a) show the formation a filament during retraction, which
remains unbroken as the sample is stretched up to 50 mm at retraction rates of 0.1 or 1
mm /s, whereas the filament snaps off at a displacement of 6.8 mm at 10 mm/s. On PTFE
(Figure 5b), adhesive failure occurs at a shorter distance (0.88 mm at V., = 0.1 mm/s,
0.58mm at Vi, = 1 mm/s, 0.66 mm at V., = 10 mm/s). In general, a trend of increasing

Wy is observed with increasing V... This effect is most pronounced for 99:1 LA:LCD on

20



glass (Figure 5c¢), which is remarkably strong (W = 23,000 J/m? at 1 mm/s and 18,000
J/m? at 10 mm/s). The 99:1 LA:LPR bond is also very strong (W = 13,000 J/m?) at 10
mm/s.

The increase in work of debonding can be related to the frequency sweep data in Figure

S9, since V. can be equated?? to the rheological angular frequency (w) by the equation 2:

hw
ret — ~§_ 2
Vi = 2 ®)

where h is the sample thickness. Using this relation we attempt to correlate the adhesive
behavior of a sample with features of its rheological frequency sweep. Considering the 99:1
LA:LPR sample, we observe that the w is 1.2 rad/s at Ve = 0.1 mm/s (with the value of
h being 0.520 mm, based on the sample thickness used for rheology). We do not observe a
significant change in work of debonding for 99:1 LA:LPR composites between V. of 0.1 and
1 mm/s but as we proceed to 10 mm/s the adhesion energy increases significantly. This rate-
dependent adhesive behavior can be tracked to the dynamic moduli at the corresponding
w values. At ~1.2 rad/s and ~12 rad/s the storage and loss modulus are significantly far
apart but at higher frequencies, the viscous dissipation increases considerably making the
formulation a stronger adhesive. An elastic material with good viscous dissipation exhibits
excellent adhesion properties.?® Similarly, the rate dependence of the other adhesives can be
correlated to their frequency sweep data. The rheological frequency sweep of 0.1-100 rad/s

covers all associated V.. values for the samples tested at different retraction rates.

Effect of Aging. Without cross-links, poly(LA) crystallizes within minutes below its melt-
ing temperature as a result of nucleating oligomers that drive ring-closing depolymerization
of longer polymer chains with terminal radicals. ?>** XRD (Figure S10) and DSC (Figure S11)
data reveal that this crystallization process is retarded substantially in all of the cross-linked
formulations, since the signals associated with LA diffraction and melting, respectively, are

highly attenuated in the adhesives. Since we do not employ vinylic monomers to capture
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Figure 5: Effects of retraction rate and aging on top-performing 99:1 LA:cross-linker adhe-
sives. Photographs show the filament snap-off occuring sooner at faster retraction rates in
both (a) glass and (b) PTFE probes, while the work of debonding generally increases with
retraction rate on (c) glass and (d) PTFE. The effect of aging (four weeks in open air) on
the work of debonding is also summarized for (e) glass and (f) PTFE.

these radicals and stabilize the polydisulfide chains, we felt it necessary to determine if aging
could diminish adhesive performance by way of crystallization. The work of debonding in

fresh samples (aged a few hours after removing from the oven) and aged samples (incubated
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in ambient air for 4 weeks) is compared for each of the the 99:1 LA:cross-linker formulas
on glass and PTFE in Figure 5e—f. All samples retained their shape and form (no observed
flow) over the 4-week aging period. All of the aged samples exhibit diminished Wy, values,
the extent of which varies considerably. On glass (Figure 5e), the aged 99:1 LA:LPR sample
does not suffer a statistically significant loss in adhesion energy, whereas Wy, drops down to
450 and 70 J/m? in the aged 99:1 formulas of LPVA and LCD, respectively. By contrast, on
PTFE the Wy, values observed for PSAs based on LCD and LPR are almost identical, each
falling to ~70 J/m? upon aging. The less adhesive 99:1 LA:LPVA sample is diminished to a
similar extent, from ~400 to ~70 J/m? upon aging. Comparisons of XRD data (Figure S12)
in fresh and aged samples revealed that crystalline domains of LA emerge gradually in the
cross-linked samples, but with the 99:1 LA:LPR formula showing only minimal crystallinity
even after 4 weeks. In accordance with literature data,”* the peaks that appear over time
at 26 values of 17, 18.5, 21 and 22 are attributable to these crystalline domains of lipoic
acid. In agreement with the XRD data, the DSC data (Figure S13) reveals stronger signals
associated with the heat of fusion of LA in the aged samples. We conclude that all of the
adhesive formulas undergo molecular rearrangements that degrade adhesive performance,
likely owing to the slow formation of micro-crystalline domains, but this undesirable effect

is highly suppressed by the polyrotaxane cross-linker, at least when bonding to glass.

Load-Bearing Demonstrations in Air and Water We selected the 99:1 LA:LPR ad-
hesive for further demonstrations of load-bearing performance, since it was found to be the
most resistant to age-related loss of tack. 40 mg of the adhesive was prepared on glass
or PTFE slides, which were bonded together with uncoated slides in a sandwich geometry
under the external pressure of a 1-kg weight for at least 2 hours, in an oven at 60 °C, to
ensure consistent thermal and pressure treatment. A 100-g weight was then affixed from the
sandwich assembly and suspended from it under the force of gravity. The adhesive bears the

weight without failure for 24 hours on both substrates (Figure 6a). In the absence of a base
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Figure 6: Demonstration of load-bearing ability of the 99:1 LA:LPR adhesive using PTFE
and glass. (a) The glass (top) and PTFE (bottom) adhered assembly with 40 mg adhesive
was able to bear a 100 g weight in air and water. (b) A 4 kg weight was suspended with 100
mg of adhesive on glass.

or salts, poly(LA) is hydrophobic.?? Recent work® has predicted that water is structured
around LA-modified polyrotaxane out to a distance of 5 A from its surface, beyond which
water is considered unstructured and free. These considerations led us to reason that the
99:1 LA:LPR adhesive might also perform well underwater, with the structured water layer
providing a screen to prevent aqueous swelling. Indeed, the 40 mg of adhesive also bears the
100-g weight under water for 24 hours. A significantly higher load of 4 kg was lifted using 100
mg of the 99:1 LA:LPR adhesive formulation on glass (Figure 6b). These initial load-bearing

tests validate the excellent performance of the age-tolerant 99:1 LA:LPR adhesive formula.

Conclusion

Strong pressure-sensitive supramolecular adhesives can be formulated from poly(lipoic acid)
and lipoated cross-linkers present at only 1% w/v concentration (compared with 20% in

prior work??). Importantly these PSAs can be all-organic and bio-friendly, and devoid of
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any metal ions or petroleum-based cross linkers (in the case of lipoated cyclodextrin). The
petroleum-based PEG backbone of the polyrotaxane cross-linker can be replaced in principle

97 or silk fibroin,? although we

by green polymers such as poly(lactic acid),% poly(e-lysine),
cannot predict how it would impact material properties. The bio-friendly supramolecular
PSAs exhibit high energies of debonding from both glass and poly(tetrafluoroethylene) that
exceed the petroleum-based controls. The 99:1 LA:cross-linker formulas exhibit strong ad-
hesion (up to 2500 J/m? on glass and 450 J/m? on PTFE at a 0.1 mm/s retraction rate),
outperforming a commercial PSA. The work of debonding (W) tends to increase with de-
creasing cross-linker ratio, as well as increasing retraction rate (V,e) up to 10 mm/s. We
also observed that W, generally correlates inversely with the stress relaxation times (7g)
and the viscoelastic moduli (G*, G“”) measured by indentation tests and shear rheology,
respectively. Unlike in pure poly(lipoic acid), a poor adhesive which rapidly crystallizes via
ring-closing depolymerization,?*3° the lipoated cross-linkers retard crystallization substan-
tially, but not completely. While the strongest adhesive was found to comprise a 99:1 ratio
of LA:LCD when freshly prepared (W g, > 20,000 J/m? at V. = 10 mm/s), only the 99:1
LA:LPR formula on glass, which forms only a slightly weaker bond than 99:1 LA:LCD, is
resistant to significant loss in tack upon aging for 4 weeks. Understanding mechanistically
how LPR suppresses aging in poly(LA) would require further research converging models
and time-resolved data.

The bio-friendly supramolecular cross-linkers also outperform the non-supramolecular
petroleum-based LPVA polymer employed as a control, especially on PTFE. We thus infer
that their supramolecular dynamics — host-guest exchange in the case of LCD, ring-sliding in
the case of LPR — enhances adhesion, likely by providing pathways to dissipate mechanical
stress as the adhesive is deformed, and by retarding crystallization. The strong and tempo-
rally stable slide-ring adhesive (99:1 LA:LPR) was further subjected to load-bearing tests,
with 100 mg of aged material easily withstanding the force of a suspended 4-kg weight in air

and a 100-g weight underwater. More comprehensive structure-property investigations into
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the effects of inclusion ratio (number of threaded CD rings per PR chain), extent of lipoa-
tion, and other substrate compositions will be the subject of future work, as well as their
stimulus-responsive, recyclable, and self-healing properties. These supramolecular adhesives
may be of particular interest for applications in biomedicine or sustainable materials that

demand eco- and bio-friendly macromolecules.
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