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Abstract: High-performance adhesives are of great interest in view
of industrial demand. We herein identify a straightforward synthetic
strategy towards universal hydrogen-bonded (H-bonded) polymeric
adhesives, using a side-chain barbiturate (Ba) and Hamilton wedge
(HW) functionalized copolymer. Starting from a rubbery copolymer
containing thiolactone derivatives, Ba and HW moieties are tethered
as pendant groups via an efficient one-pot two-step amine-thiol-
bromo conjugation. Hetero-complementary Ba/HW interactions thus
yield H-bonded supramolecular polymeric networks. In addition to an
enhanced polymeric network integrity induced by specific Ba/HW
association, the presence of individual Ba or HW moieties enables
strong binding to a range of substrates, outstanding compared to
commercial glues and reported adhesives.

Introduction

Nature widely uses the power of supramolecular interactions as
the driving force for various reversible adhesion phenomena,
such as van der Waals forces in gecko footpads,® H-bonding,
electrostatic interactions, and/or metal coordination in the
secretions of tube worms or mussels.? Such supramolecular
interactions are responsible for these macro/microscopic
adhesions, to accomplish a variety of specific (bio)physical
functions.®®

Inspired by nature, scientists have developed sophisticated
adaptive adhesion strategies via supramolecular interactions,
placing, e.g., H-bonds,®*® macrocycle-based host-guest
interactions,>**'* metal-ligand coordination,’® van der Waals
forces, electrostatic interactions, hydrophobic interactions,
and/or steric repulsion onto precisely  designed
(macro)molecules.® Acting as the ubiquitous interaction in
complex living organisms, H-bonding forces have been exploited
as one of the primary (macro)molecular interaction tools to
fabricate a wide range of biomimetic materials. Recent studies
have revealed that H-bonding forces play a crucial role in
enhancing the mechanical properties and macroscopic adhesion
behavior of supramolecular polymers.5™® As dynamic H-bonding

interactions can be placed on diverse building blocks in apolar
solvents and the bulk state, with their dynamic
association/dissociation enabling energy dissipation in materials,
they offer great potential to direct complexation processes,
leading to adhesive materials with universal reversibility and
self-healing capabilities.

Employing low molar mass bis-urea functionalized
polyisobutylenes, Creton and Bouteiller®” have developed
supramolecular soft adhesives, showing interesting adhesive
properties both on stainless steel surfaces but also on
substrates with very low surface energies such as silicones. By
utilizing 2-ureido-4[1 H]-pyrimidinone- (UPy-) moieties,®® 2.7-
diamidonaphthyridine  (DAN)/ureido-7-deazaguanine (DeUG)
quadruple H-bonding pair,’ supramolecular materials with
enhanced mechanical properties and a remarkable adhesive
strength on diverse substrates have been reported.

Compared to the existing H-bonded supramolecular polymeric
adhesives, a novel synthetic design and strategies thereto are
continually  sharpened.  The  association of hetero-
complementary barbiturate (Ba) and Hamilton wedge (HW) into
sextuple hetero-complementary H-bonding arrays has been
studied by us'®?* and others,??® to reversibly bond together
separated blocks, allowing the construction of supramolecular
polymeric architectures, well-defined nanostructures, and self-
healing materials. Although H-bonding interactions have been
demonstrated to improve interfacial adhesion, the Ba/HW couple
remains surprisingly unexplored in its bonding capability onto
various substrates and in macroscopic adhesive applications.

In this study, we address the design and synthesis of side-chain
Ba- and HW-functionalized P(nBuA-co-Ba-co-HW) random
copolymer (Figure 1). We show that introducing Ba/HW moieties
into polymeric adhesives leads to a strong, but reversible
substrate binding system, considering its high binding with the
association constant equal to 10*°> M™ in chloroform.'” Typically,
the random copolymerization of nBuA and TlaAm (thiolactone
acrylamide) is conducted using reversible addition-fragmentation
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Figure 1: Synthetic route to the side-chain Ba- and HW-functionalized
P(nBuA-co-Ba-co-HW) polymer and its self-assembly to afford the H-bonded
supramolecular network.

chain-transfer (RAFT) technique, to afford P(nBuA-co-TlaAm)
random copolymer. Subsequent ring-opening of thiolactone units
generates reactive thiols which are then engaged in thiol-bromo
click reactions to attach Ba and HW moieties.?®?” This two-step
approach provides the targeted P(nBuA-co-Ba-co-HW)
copolymer with Ba and HW moieties randomly dispersed as side
groups. This in turn enables the formation of H-bonding
supramolecular networks, showing internally linked Ba-HW
moieties. The strong yet dynamic Ba/HW interactions are
anticipated to dissipate energy through the reversible
association/dissociation of H-bonded complexes, contributing to
the improved toughness of these supramolecular polymeric
networks. Thus, the resulting P(nBuA-co-Ba-co-HW) can be
exploited as supramolecular polymeric adhesives, where Ba/HW
interactions serve as both promoters (e.g., cohesive domains)
maintaining the H-bonded polymeric network integrity between
two substrates, in addition to the linkers bound onto the
substrates via H-bonding interactions (e.g., adhesive domains).

Results and Discussion

Polymeric materials with integrated structure functionalities are
demanded to match the designed practical applications;
however, there is always a trade-off between the complex
material performance and the synthetic simplification. Herein, we
present a straightforward and effective synthetic strategy to
transform a viscous liquid-like polymer, P(nBuA-co-TlaAm), into
a viscoelastic supramolecular polymeric material, P(nBuA-co-
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Ba-co-HW), featuring high processability and strong adhesion to
various surfaces.

Aiming at fabricating the side-chain Ba- and HW-functionalized
P(nBuA-co-Ba-co-HW) polymer (Figure 1), we have first
prepared a random copolymer P(nBuA-co-TlaAm) (M, nmr =
27.3 kg/mol, M, sec = 30.6 kg/mol, B = 1.25), using 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT)
as chain transfer agent and RAFT polymerization.?*%?" The
theoretical number-average molar mass (M, » = 25.5 kg/mol),
evaluated from the monomers’ conversion, is consistent with the
experimental ones (M, nwr and M;, sec) and proves the controlled
character of such RAFT copolymerization. The introduction of
TlaAm monomer together with n-butyl acrylate (nBuA) allows to
precisely tune the glass-transiton as well as the
hydrophilic/hydrophobic balance of the resulting H-bonding
polymer. The thiolactone moieties as the latent thiol functionality
are randomly introduced into the polymer chain via the RAFT
copolymerization  with nBuA, allowing post-polymerization
modification via thiol-based click reactions.?*' Compared to the
TlaAm feeding ratio in the comonomer mixtures (friaam = 0.051),
the slightly lower molar fraction of TlaAm monomer in the final
copolymers (Friaam = 0.038) suggests that TlaAm monomer is
slightly less reactive than the nBuA monomer. Thiolactone
chemistry is known as a versatile platform for the generation of
multifunctional polymers. Indeed, by combining ring-opening of
thiolactone unit via a primary amine and the subsequent
conversion of the in situ generated thiols through thiol-
enefyne,”®%%23  thiol-bromo,®® and thiol-epoxy*® reactions,
scientists have synthesized a wide range of polymers via such
efficient one-pot double modification strategy recently.

In this study, P(nBuA-co-TlaAm) is treated with hexylamine in
the presence of Ba-Br and HW-Br, thus allowing the one-pot
two-step  amine-thiol-bromo  conjugation  reaction.  The
thiolactone side groups of P(nBuA-co-TlaAm) form thiols via the
nucleophilic ring-opening reaction with hexylamine, directly
randomly reacting in-situ with bromoester-functionalized Ba and
HW moieties (Ba-Br or HW-Br) in a one-pot fashion. The
resulting P(nBuA-co-Ba-co-HW) is purified by precipitation into
methanol/water (1/1, v/v). The successful chemical modification
of P(nBuA-co-TlaAm) into P(nBuA-co-Ba-co-HW) is firstly
supported by size exclusion chromatography (SEC, Figure S1,
Mn nvR = 33.5 kg/mol, Mn SEC = 36.7 kg/mol, b= 129), as the
shift towards higher molar mass is attributed with the tethering of
Ba-Br and HW-Br compounds.

'H NMR analysis is further performed to prove the attachment of
Ba and HW moieties via the amine-thiol-bromo conjugation
reactions (Figure 2). Compared to the spectrum of the starting
P(nBuA-co-TlaAm) copolymer (Figure 2a), a slight shift of the
CH proton (initially belonging to the thiolactone group) from 4.63
to 4.54 ppm, S-CH- protons from 3.26 to 3.15 ppm, along with
the emergence of Ba imide protons (10.47 ppm in Figure 2b),
HW imide protons (9.45 and 9.04 ppm in Figure 2b), as well as
the phenyl and pyridyl protons (8.02 and 7.67 ppm in Figure 2b)
indicates the successful linking of Ba and HW moieties onto the
polymer chain. Notably, the comparable integrations between Ba
(10.47 ppm) and HW (8.02 and 7.67 ppm ppm) imide protons
demonstrate that equal amounts of Ba and HW moieties are
attached (about 4 of each H-bonding motif per chain) to afford
P(nBuA-co-Ba-co-HW), thus indicating a similar reactivity of Ba-
Br and HW-Br toward nucleophilic substitution (Figure 2). The



addition of hexylamine also triggers the aminolysis of
trithiocarbonate end group, as supported by the complete
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Figure 2: 'H NMR spectra of (a) P(nBuA-co-TlaAm), and (b) P(nBuA-co-Ba-
co-HW), recorded in THF-dg at 27 °C.

disappearance of the characteristic w-methyl end group (0.81
ppm). The in-situ generated reactive thiols are anticipated. to
randomly react with Ba-Br or HW-Br, thus leading to either Ba or
HW moieties attached as the w-end groups of P(nBuA-co-Ba-
co-HW).

Fourier-transform infrared (FT-IR) spectral analysis is then
performed to study the H-bonding behavior of P(nBuA-co-Ba-co-
HW) copolymer (Figure 3). Spectra of the N-H stretching region
of P(nBuA-co-Ba-co-HW) are given as a function of temperature.
The H-bonded N-H stretching band between N-H and C=0 due
to the Ba/HW interaction is observed at 3324 cm™ at 30 °C. The
N-H band shifts gradually from 3324 to 3350 cm™ upon heating
from 30 to 150 °C (Figure 3a), revealing a significant weakening
of H-bonds with increasing temperatures. Importantly, the N-H
stretching band progressively shifts back to its initial position by
cooling from 150 down to 30 °C (Figure 3b), indicative of the
successful reformation of the H-bonding complex.

Figure S2 shows comparative zero shear viscosities of P(nBuA-
co-TlaAm) and P(nBuA-co-Ba-co-HW) between 0 and 100 °C. In
both cases, the values decrease with increasing temperatures.

3500 3450 3400 3350 3300 3250 3200
Wavenumber (cm'l)

a) 3350 cm?, b 3350 cm?
——150°C
W cm! —130°C Wf cmt
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Figure 3: Temperature-dependence of FT-IR spectra (a: heating, b: cooling)
for N-H stretching vibrations of P(nBuA-co-Ba-co-HW) copolymer.
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Surprisingly, only a slight decrease of viscosity is observed from
P(nBuA-co-Ba-co-HW) upon heating, revealing a thermally
stable H-bonded supramolecular polymer network due to the
strong Ba/HW association. The representative temperature-
dependent shear moduli G' and G" are shown in Figure S3. To
study in details the impact of H-bonds, master curves of
P(nBuA-co-TlaAm) and P(nBuA-co-Ba-co-HW) are plotted. A
standard time-temperature superposition has been performed to
build a frequency master curve at a reference temperature of 20
°C. In the standard analysis of time-temperature superposition,
and to rescale all the obtained linear frequency-dependent shear
results, T-dependent shifting factors (ar) are shown in Figure S4.
The linear oscillatory frequency-sweep spectrum of the starting
P(nBuA-co-TlaAm) exhibits a typical viscous liquid-like behavior,
showing predominantly greater loss moduli (G”) than storage
moduli (G’) over the entire frequency range (Figure 4a). A
distinct behavior is observed from P(nBuA-co-Ba-co-HW),
showing that the storage moduli, G’, are constantly greater than
the loss moduli, G”. Moreover, both G’ and G” straightens out
and scales with w®® against the rescaled angular frequency
(war) over nearly 4 orders of magnitude (Figure 4b). This
viscoelastic behavior strongly suggests a gel state. The
exceedingly broad spectrum of overlapping G’ and G” without a
terminal relaxation time reveals a stable gelatinous network
structure (over the explored temperature range), which is
undoubtedly ascribed to the robust H-bonding interactions of the
Ba/HW pairs.

B T T g T T T T 10 T Ty T T T Ty T T
10° 10% 10" 10° 10' 10* 10° 10" 10° 10° 10" 10' 10° 10° 10

way (rad/s) wa(rad/s)
Figure 4: Time-temperature superposition master curves of shear moduli G’
and G” for: (a) P(nBuA-co-TlaAm), (b) P(nBuA-co-Ba-co-HW) against shifted
angular frequency waT.

The bulk structural morphologies of the P(nBuA-co-TlaAm) and
P(nBuA-co-Ba-co-HW) copolymers are subsequently
investigated via small angle x-ray scattering (SAXS). P(nBuA-
co-TlaAm) does not show any scattering peak, while P(nBuA-co-
Ba-co-HW) exhibits a sharp peak at 0.403 nm™ along with a
shoulder, suggesting the presence of disordered micelles with a
diameter of 15.7 nm (Figure S5). The formation of these
aggregates stems from the establishment of multiple of H-
bonded polymeric crosslinking nodes. DSC analysis is carried
out to further investigate the phase segregation of P(nBuA-co-
TlaAm) and P(nBuA-co-Ba-co-HW) copolymers. As shown in
Figure S6, the DSC trace for P(nBuA-co-TlaAm) displays a
clear glass transition temperature (Ty) at -37 °C. Interestingly,
P(nBuA-co-Ba-co-HW) copolymer displays two distinct thermal
transitions. In addition to the transition at -37 °C relative to the T
of P(nBuA-co-TlaAm) copolymer, another weak transition is
observed at 49 °C which is believed to arise from the interchain
association driven by Ba/HW H-bonding interactions.®

The adhesive properties of P(nBuA-co-Ba-co-HW) are first
investigated on glass surfaces as is customarily done for
viscoelastic adhesives. P(nBuA-co-Ba-co-HW) solution using



THF as solvent (20 mg/mL) is deposited on a glass slide, to
obtain approx. 1 mme-thick films after 24 h of air drying at 30 °C,
followed by 48 h of vacuum drying at 60 °C to completely extract
the solvent. Then another glass plate is hot-pressed on that
adhesive film at 60 °C with a contact force of 70 N to produce a
constant layer with a thickness of ca. 0.1 mm. Subsequent
cooling to room temperature for 24 h enables the uniform
contact and firm bonding to substrates. Remarkably, a weight of
as high as 10.8 kg can be steadily hung up through the two
adhered glass slides with the glued volume of 25 x 27 x 0.1 mm
(Figure 5a). In contrast, P(nBuA-co-TlaAm) which is not
equipped with H-bonding moieties to bind the substrate
interfaces and which displays a viscous liquid-like behavior,
systematically failed to glue the tested substrates.

To quantitatively understand the adhesive performance of
P(nBuA-co-Ba-co-HW), stress-strain curves obtained from the
normalizing force and displacement of the contact area are
shown in Figure 5b, with de-bonding velocity ranging from 10 to
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1000 pms™. It is clear that P(nBuA-co-Ba-co-HW) is highly
viscoelastic, as the peak of stress increases strongly with
increasing probe velocity, a behavior expected for the
viscoelastic materials.® Subsequent progressive decrease of
stress after the climax is an indication of a load bearing
elongational viscosity, which can be ascribed to the H-bonded
Ba/HW crosslinking along with a strong binding and adhesive to
the surface of substrate. At last, the rupture occurs at the
polymer-glass interface suggesting an adhesive failure mode.
Subsequently, the temperature-dependent adhesive
performance is investigated at a de-bonding velocity of 100
pum's™. As shown in Figure 5c, adhesive properties of P(nBuA-
co-Ba-co-HW) decrease as temperature increases from 25 to 60,
finally to 90 °C. Such result is qualitatively expected, since the
level of viscoelastic dissipation during strain decreases with
increasing temperature. As anticipated, similar conclusions are
drawn with different de-bonding velocities.
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25+ —10 pms™’ —25°C
—— 100 pm-s-! 15 —860°C
= 204 —— 1000 pm-s-! ——090 °C
o
= 154 10|
@
IS 104
w 5
5
0 . —— ‘ e o+ ; . : ‘
0 1 2 3 4 5 6 0.0 05 1.0 15 2.0 2.5
Strain (%) Strain (%)
(e) P(nBuA-co-Ba-co-HW) -
(d) 18/ = 2 _\_52 G
N 7 o
HN:
15 ";.':o
12 N HN
_12] Nt o
% 94 J_%NQ
— 3 .". [o]
% 5: HW 2adhesive ‘Ba adhesive; Ba/HW cohesive
5 o = 0 0 7 o HN :
| ; < .
3 /\)k“/(?j\u NW FJ‘k/\ ?J\u o
0 i | »
L £ S & &L @ : | P
NS R G}Q 6‘\\0 OQQ <8 i\\(}o ?H I‘= MO, TOOH l‘dox
N © \
& . .
s

Figure 5: Photograph demonstrating that the glass slides adhered by P(nBuA-co-Ba-co-HW) can hold a weight of 10.8 kg with a lap joint area of 25 x 27 x 0.1
mm (a), stress-strain curves for P(NBuA-co-Ba-co-HW) as adhesives at a de-bonding speeds of 10, 100, 1000 ym's™ at 25 °C (b), at 25, 60, 90 °C with de-

bonding speeds of 100 pm's’1 (c), shear stress for different substrates includ

ing glass, stainless steel, aluminium, copper, Teflon and silicone rubber at a de-

bonding speeds of 100 pm's™ at 25 °C (d), and schematic of the dynamic interfacial gluing between P(nBuA-co-Ba-co-HW) and substrate through diverse H-

bonding
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It is important to test whether the adhesive capability of P(nBuA-
co-Ba-co-HW) works well on different substrates. Therefore, the
glass slides are subsequently replaced by stainless steel,
aluminum, copper, hydrophobic Teflon, and silicone rubber,
respectively, followed by the same protocol with a de-bonding
velocity of 100 pm's™. Stress-stain curves demonstrate that a
shear strength of higher than 12 MPa is recorded for all glass
and metallic substrates (Figure 5d), superior to commercial 3M
glues and most adhesive materials that have been reported.®
This high shear strength may be ascribed to i) the good internal
cohesion of the sandwiched P(nBuA-co-Ba-co-HW) polymer
layer due to the formation of H-bonding complexes between Ba
and HW maoitifs in the bulk and ii) the strong adhesion of free Ba
and HW motifs at the polymer/substrate interface, which can
form H-bonds with either the hydroxyl groups of glass surfaces,
or oxygen of metallic oxide layers (MOy, Figure 5e) on the top of
the substrates.™

Although the adhesion experiments on glass and metal surfaces
are informative on the differences in large strain performance
brought by the H-bonding forces, they are not the sole
consequence of interfacial interactions, as van der Waals forces
at the polymer/glass and polymer/metal oxide interfaces are also
sufficiently strong to deform the adhesively elastic layer
remarkably.® The situation is rather different if the adhesive
layers are de-bonded from a hydrophobic, low surface energy
surfaces, such as Teflon or silicone rubber with which hydrogen-
bonds are not expected to occur. The shear stresses of P(nBuA-
co-Ba-co-HW) detaching from Teflon and silicone surface are
determined to be 4.6 and 2.8 MPa respectively (Figure 5d).
Although slightly lower than that measured on glass and metal
surfaces, the obtained shear strengths are still outstanding
compared to the commercial glues and the adhesive materials
described in previous reports.>* Other adhesion mechanisms
are certainly involved to explain such acceptable bonding
performances. It is noteworthy that the strength of adhesion on
Teflon is greater than on silicone rubber. Such result can be
explained by a model of adhesion where the viscoelastic
adhesive undergoes slippage along a rigid solid interface, where
Teflon surface is more rigid than flexible PDMS.394°

These remarkable results emphasize the significance of the
heterocomplementary Ba/HW interactions in P(nBuA-co-Ba-co-
HW) not only serving as promoters (e.g., cohesive domains,
Figure 5e) to maintain the H-bonded polymeric network integrity
between two substrates, but also favorably effecting the
rheological properties of viscoelastic layer by making it more
dissipative. The Ba and HW moieties are able to link onto the
substrates via diverse H-bonding interactions (e.g., adhesive
domains, Figure 5e), forming strong interactions especially onto
glass and metallic substrates.*' It is proven that, used as an
additive, such Ba and HW moieties as strongly H-bonding
interacting  groups  could significantly  enhance the
adherence even onto difficult-to-bind surfaces, highlighting the
versatility of P(nBuA-co-Ba-co-HW) as universal adhesives.

Conclusion

In summary, we have demonstrated a rational design of a
promising platform for creating strong polymeric adhesive
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materials. We firstly challenge the synthesis of side-chain Ba
and HW moieties functionalized P(nBuA-co-Ba-co-HW) via
efficient one-pot two-step amine-thiol-bromo conjugation, then
elucidating the dynamic behavior and relaxation lifetime of
Ba/HW interactions driven supramolecular assemblies in the
melt state, revealing P(nBuA-co-Ba-co-HW) to behave as a
critical gel, finally ascertaining H-bonded supramolecular
polymeric adhesives of various substrates (e.g., glass, stainless
steel, aluminum, copper, Teflon and silicone rubber). Effective
energy dissipation from the bulk H-bonded polymeric networks,
and superior adhesion strength through diverse H-bonding
interactions are the key factors that result in the tough bonding.
This strategy provides a new and effective route to fabricate H-
bonded adhesive materials and engineer strong substrate
interaction. We envision that not only the design strategy of
post-modified multi-functionalized polymers can be adopted in
the advances of supramolecular polymeric architectures, but
macroscopic interfacial adhesion via such dynamic Ba/HW
interactions to be applied in practical application fields, such as
wearable and stretchable electronics, hybrid biomedical devices,
and tissue/bone adhesives.
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H-Bonded Adhesives

Ba/HW Cohesive

A straightforward synthetic strategy towards strong supramolecular adhesives is reported, based on a side-chain barbiturate (Ba) and
Hamilton wedge (HW) functionalized polymer. Specific Ba/HW interactions serve as cohesive domains to maintain polymeric network

integrity, while molecular configuration of individual Ba or HW moieties linked onto substrates via diverse H-bonding interactions,
form adhesive domains and endow strong adherence.



