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ABSTRACT: Modern functional adhesives have attracted
considerable attention due to their reversible adhesion capacities
and stimuli-responsive adhesion behavior. However, for modern
functional adhesives, polymeric structures were highly necessary
to realize adhesion behaviors. Supramolecular adhesives from
low-molecular-weight monomers were rarely recognized.
Compared with polymeric adhesive materials, it remains
challenging for supramolecualr adhesive materials to realize tough
adhesion on wet surfaces, or even under water. In this study, a
new supramolecular adhesive consisting of low-molecular-weight
monomers was successfully designed and prepared. Strong and
long-term adhesion performance was realized on various surfaces,
with a maximum adhesion strength of 4.174 MPa. This
supramolecular adhesive exhibits tough and stable adhesion
properties in high-moisture and underwater environments
(including seawater). Long-term underwater adhesion tests
display the potential application of low-molecular-weight
adhesive as a marine adhesive.

INTRODUCTION

Tough adhesion on various surfaces is a remarkable feature of
modern functional adhesives.> From conventional resins>* and
gums>®, to bio-inspired adhesive hydrogels’!?, polymeric
structures play a significant role not only in exhibiting excellent
and long-term adhesion performances, but also in realizing
adhesion behavior in special environments, e.g. high-moisture
environments, or underwater.'"!> For example, catechol-based
adhesives represent a new type of modern adhesive with versatile
adhesion applications.!®2! At present, most underwater adhesives
are based on the catechol structures. Wilker,2223 Stewart,2425
Dhinojwala,?027 and Lee?®? have independently reported many
novel catechol-based polymeric adhesive materials, which
exhibited excellent adhesion effects and were applicable under
various conditions. However, by analyzing the chemical structures
of catechol-based adhesive materials, it is reasonable that the
realization of strong adhesion performances of catechols is
crucially dependent on the polymeric structures.

Compared with the rapid development of polymeric adhesive
materials, supramolecular adhesives assemblied from low-

molecular-weight monomers were rarely recognized. In the past
decade, with the development of supramolecular self-assembly,
only a limited number of low-molecular-weight monomers
(LMWMSs) were used to construct supramolecular adhesives.30-32
The versatility of supramolecular self-assembly has promoted
significant efforts focused on supramolecular adhesion.>32-3* The
combination of LMWMs and supramolecular self-assembly gives
rise to supramolecular adhesives with reversible adhesion
capacities and stimuli-responsive adhesion behaviors, which are
not easily achieved in traditional polymeric adhesive
systems.32353¢  However, most supramolecular adhesives
consisting of LMWMSs are not water-resistant and/or water
dramatically attenuates the adhesion effect.3%37 The water-
sensitive adhesion properties of LMWDMs significantly hinder the
functionalization and further development of supramolecular
adhesives.’¢-38 Compared with the strong adhesion behaviors of
polymeric adhesive materials under water, adhesion on wet
surfaces is highly challenging for supramolecular adhesives
consisting of LMWMs. There is an increasingly urgent demand to
develop water-resistant, moisture insensitive or underwater
supramolecular adhesives from low-molecular-weight monomers.

Here we report a new supramolecular adhesive, that exhibits
strong and long-term adhesion effects on diverse surfaces, from
hydrophilic  glass and iron, to highly hydrophobic
polytetrafluoroethylene (PTFE) and poly(methyl methacrylate)
(PMMA). The non-viscous building blocks dibenzo-24-crown-8
(DB24C8) were rationally incorporated into a four-armed
pentaerythritol (Scheme 1). Compared with individual DB24C8
or pentaerythritol, supramolecular adhesive P1 has a lower
melting point (52 °C) and shows excellent adhesion performance,
which make P1 an ideal candidate for a hot molten glue.?? Tough
adhesion of P1 in a high-moisture (relative humidity, >95 RH%)
environment or under water was successfully realized. Long-term
adhesion in water or seawater (>12 months) is feasible due to the
hydrophobic properties of P1.

RESULTS AND DISCUSSION

Characterizations and mechanical properties. P1-P4 were
easily prepared via esterification reactions as shown in Scheme 1
and Figure S1-18. Owing to the low melting point (52 °C), P1 is
conveniently converted to a highly viscous liquid upon slight
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heating (Figure la). In contrtast, P3 and P4 are oily liquids at surface of P1 (Figure S22, S25), supporting a high-density

room temperature. After cooling, P1 transforms into an morphological structure.?37 The decomposition temperature of
amorphous glue, according to the powder x-ray diffraction P1 was measured by thermogravimetric analysis (TGA) to be
patterns (PXRD, Figure S21). Scanning electron microscopy 370 °C (Figure S30), indicating that P1 is highly thermo-stable.
(SEM) tests showed that there were no holes or fibers in the No decomposition phenomena of P1 were observed in water, acid
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Scheme 1. Synthetic routes of P1, P2, P3, and P4.
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Figure 1. Macroscopic view of P1: a) glassy solid, fluid liquid after heating, and gel-like glue after cooling; b) a rod-like fiber and an
elastic spring made of P1; c) water blasting (2 bars, 10 min) tests of P1. For Figure 1c, a dye was mixed with P1 to get a clear view.

(2N HCI), base (2N NaOH) or under UV irradiation (254/365 nm,
20 W), after 12 months of treatment (Figure S31-34), which
further confirm the environmental stability of P1.

After the heating-cooling cycle, P1 showed good processability.

Long and smooth fibers were mechanically pulled out from P1,

a) Steel Glass

g

Wood

and further processed into a spring (Figure 1b and movie S1).
Thin (~100 pm), flexible (bending >180°), and transparent (>95%
transmittance) membranes were also cast (Figure S23 and movie
S2). Only short and rigid fibers were obtained from P2, and
membrane formation was possible. In contrast, neither fibers nor

PMMA
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Figure 2. a) Macroscopic tests of adhesives on different substrates (adhesion areas are 15 cm?, 18 cm?, 9 cm?, 18 cm?, and 9 cm?,
respectively); b) the adhesion strengths of different adhesives on different substrates. Tests in Figure 2b were all carried out at 25 °C and

50 RH%.

membranes were successfully fabricated by processing of P3 or
P4. Rheological measurements were conducted to provide
quantitative information about the mechanical strength (Figure
S37-S40). Depending on the storage (G’) and loss moduli (G”) as
functions of frequency, P1, P2, P3, and P4 have different
rheological performances. Both P3 and P4 behavior as liquids,
because the values of G are always higher than that of G’ over
the range of frequencies tested (Figure S37).3536 Clear transitions
from viscoelastic liquids to gel-type solids were observed for P1
and P2, which are in good agreement with the macroscopic
observations. P1 has the highest G* value of 1.6x107 Pa at 25 °C,
which is considerably higher than that of P2, P3 or P4 (1-7 orders
of magnitude higher (Figure S37). Similar phenomena were
observed in the zero-shear viscosity, demonstrating that P1 is not
only mechanically stronger, but also more viscous than P2, P3, or
P4 (Figure S38). These rheological values are temperature-
dependent and dramatically decrease as temperature increases,
exhibiting the thermo-sensitive nature of P1 (Figure S39 and
$40).3537

Adhesion properties. P1 shows excellent adhesion effects on
various surfaces, including glass, wood, steel, PTFE, and PMMA.
P1 was first deposited on the surfaces of the substrates, then by
gentle heating followed by pressure, P1 easily coated and adhered
to the surfaces (Figure 4c). Water blasting (2 bars, 10 min) could
not remove the adhesion layer of P1 (Figure lc and movie S3).
No tedious solidification processes were required, in comparison
to many commercially available glues.'? Using steel as an
example, once two pieces of steel were adhered together by P1, it
was difficult for an external force to separate them. No separation
or misplacement was observed in 24 months (0-35 °C, 40-80
RH%) when up to 24 kg was attached to one of the steel pieces
(the adhesion area is 15 cm?, Figure 2a). These macroscopic
adhesion tests confirm that the adhesion effect of P1 is stable and
long-term, without occurrence of the attenuated adhesion effect.
We previously reported that LMWMs-appended supramolecular
adhesives show extremely poor adhesion effects on PTFE and
PMMA.3637 Here, strong and long-term adhesion on PTFE or
PMMA was realized by P1. P1 can easily carry a weight of §-12
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kg without detaching from the adhesion area of PTFE or PMMA
(testing for 24 months, adhesion areas are 9—18 cm?, Figure 2a).
The adhesion behavior is closely related to the chemical structures
of the supramolecular adhesives, because no adhesion properties
were found from P3 and P4. Compared with P1, P2 shows
relatively weaker adhesion effects on various surfaces, confirmed
by macroscopic adhesion performances. Additional, the adhesion
effects of P2 on surfaces are not as long-acting as that of P1 (only
1/8 to 1/10 of the adhesion lasting time of P1) under the same
conditions. No macroscopic adhesion performances were
available for P3 and P4.
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Lap-shear tests were carried out to quantitatively evaluate the
adhesion strengths of P1, P2, P3, and P4 on different surfaces
(Figure 2b).333% The average adhesion strengths of P1 under
ambient conditions (25 °C and 50 RH%) on wood, glass, and steel
surfaces are 1.698, 2.017, and 4.174 MPa, respectively, with a
pull rate of 100 mm/s. These adhesion values demonstrate that P1
has strong adhesion performance on hydrophilic surfaces, and
shows the best adhesion effect on the steel surface. In comparison
to previous supramolecular adhesives, P1 belongs to the family of

Figure 3. Configurations of molecular models of P1-P4 and glass (with (HO);SiOSi(OH),OSi(OH); as model). a) The interaction mode of
individual P1-P4 and glass. b) Chemical structures of P1, P2, P3, and P4. c¢) The most stable state with minimum energy configuration of

P1-P4 clusters and glass (3.0x3.0x3.0 nm?).

strong adhesives.!? In contrast, P2 displays weaker adhesion
effects on these surfaces. As shown in Figure 2b, the adhesion
strengths of P2@steel (0.348 MPa) and P2@glass (0.725 MPa)
are only 1/12 and 1/3 of that of Pl@steel (4.174 MPa) and
Pl@glass (2.017 MPa), respectively. Compared with the tough
adhesion seen on hydrophilic surfaces, the adhesion effect of P1
on hydrophobic surfaces is relatively weak. An adhesion strength
of 0.790 MPa was obtained when P1 was adhered on a PMMA
surface. Weaker adhesion behavior was observed when highly
hydrophobic PTFE was used, with an average strength of
P1@PTFE of 0.277 MPa. Though the adhesion of P1 on PTFE
was not as strong as that of P1 on hydrophilic surfaces, the
adhesion strength of P1@PTFE is still much higher than that of
many previously reported supramolecular adhesives.!? This is
because in most supramolecular adhesion systems, the main
adhesion force is hydrogen bonding, which is unfavorable for
adhesion onto PTFE. No fatigue and decay of the adhesion effects
of P1 on the five surfaces were observed after multiple cycling
tests (10 circulations, Figure 4d). Such excellent reusability can be
ascribed to the dynamic and reversible supramolecular

interactions of P1.3537 Almost no adhesion was observed for P3
and P4, as the values of the adhesion strengths are close to the
detection limit. By the comparsion of the chemical structures of
the four monomers, it can be found that P2 is rigid, and without
flexible crown ether units, which makes P2 favor aggregation in a
dense mode.** Based on our previous reported adhesives, the
dense aggregated pattern was unfavorable to effective
adhesion.3%37 In addition, the absence of glycol chains leads to
weaker interactions between P2 and surfaces. P3 and P4 are oily
substances and cannot be solidified during adhesion; neither is
suitable for strong adhesion. In shape contrast, P1 is a viscous
liquid during heating and rapidly turns to solid phase after cooling.
Such phase transitions indicates P1 as a good hot molten glue.
Meanwhile, closed ring-type crown ether structures of P1 lead to
an extended molecular geometry, which is very different from P3
and P4 (flexible glycol chains favor folding together). Such
extended structures make it easy to interact with surfaces via
supramoelcular interactions (hydrogen bonds, van der Waals
interactions, m-m stacking, hydrophobic interactions, even metal-
complexation).!->103637  Density Functional Theory (DFT)

ACS Paragon Plus Environment

Page 4 of 18



Page 50f 18 Journal of the American Chemical Society
1
2 simulations results further confirmed that among the four configuration between adhesive and glass surface, the molecular
3 monomers, P1 has the highest combination Gibbs free energy model system was followed by geometry optimization, annealing
4 with glass (-51.2 kcal/mol for P1, -33.3, -42.7, and -43.6 kcal/mol and dynamics balance to obtain the most stable state with
5 for P2, P3 and P4, respectively) (Figure 3a and Table S5).4! minimum energy (Figure 3¢).*>* Finally, the interaction energy
These results indicate that indiviual P1 shows the strongest between adhesive and glass was calculated by the following
s interactions with glass surfaces. formula at 25 °C and 101 KPa:
In order to further study the adhesion mechanism between ) - _ .+
8 bulky adhesive and glass, the interaction energy between adhesive i Eglterfacml Etotal }EEadhesn{e Egla;s) dh( 1)
9 clusters and glass surfaces was calculated by Molecular Dynamics eée,l i“‘e"f“ii} ep resznts‘t ¢ 1nteract1czln enerey Eetween 2]‘5 estve
10 (MD) Simulation. First, a molecular model of the interaction ?1111 gtasst.s L}r 4ce, an r;urglhs Ipeansg s;)rptlon.f adhesive, elass e;re
1 between adhesive and glass was established. In order to simulate Ee po er;lla enlergles o ? esive a? hg asghsuT ace,l respective ZZ'
12 the actual contact, the contact cell between adhesive and glass F‘O“‘l 18 the tK/t[E]l) pgt.entlla .energ]})/ 10 ht N ah es}llYe}-lg ass.systgm.. |
surface was expanded to 3.0x3.0 nm?. The total thickness was rorrtl). tt? mu atllon, P as tl 9e 4 SIE els/t 11;t§r ai)lell
13 about 3.0 nm. In order to obtain a reasonable interaction combination energy on glass surfaces (-194.8 keal/mol for PI,
1;‘ a) b) c)
16 © P1@glass, o35 1985 e molten P1 -
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17 s o —
o
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7
38 Figure 4. a) Cartoon representations of adhesive coating of P1 (400 mM, CHCI;) prepared by electrospinning; b) adhesion strengths of P1
39 on glass by electrospinning or hot-melt; c¢) cartoon representations of the adhesion procedure by hot-melt; d) cycling tests of P1 on
40 different substrates. For all tests, the relative humidity was 50%. For Figure 4b and 4d, temperature was 25 °C; e) Temperature-dependent
41 adhesion strengths of P1 on different surfaces.
42
43 -171.3, -176.2, and -189.9 kcal/mol for P2, P3, and P4, increased from 25 °C to 50 °C, PI@PTFE maintained 94%
44 respectively) (Table S6). Though P3 and P4 have relatively adhesion strength (0.277 MPa at 25 °C and 0.261 MPa at 50 °C).
higher interfacial combination energy than that of P2, their oily By comparing the adhesion strengths of P1 on different surfaces
45 states at 25 °C result in poor adhesion strengths, due to absence of at 25 °C and 50 °C, Pl@glass, P1@wood, P1@PMMA, and
46 a solidification step (Figure S28 and S29). Pl@steel, only retained 30.3%, 47.5%, 16.7%, and 8.2%
47 Supramolecular assembly is usually temperature-sensitive, adhesion strengths, respectively. For all surfaces tested in this
48 which also affects the adhesion behavior of supramolecular study, 25 °C is the optimal temperature for the adhesion effect of
49 adhesives.!2374 According to the temperature-dependent lap- P1. These temperature-dependent adhesion results are consistent
50 shear tests, it is obvious that high temperature is harmful to the with the rheological measurements and macroscopic tests (Figure
adhesion effect, as depicted in Figure 4e and Table S1. No 4e, S39, and S40).
51 obvious adhesion was observed when the temperature reached Supramolecular adhesion by electrospinning. Coating
52 70 °C for all surfaces tested. Low temperature was also shown to adhesive materials homogeneously on surfaces is a key step to
53 reduce the adhesion strengths. For example, when the temperature realize highly effective adhesion.>18-20 Usually adhesive
54 was kept at -18 °C, the adhesion strength of P1@wood is about materials are hand-mounted on surfaces, which causes two main
half of that at 25 °C (0.967 MPa at -18 °C and 1.697 MPa at problems: it is difficult to get a uniform adhesion layer and leads
55 . . .. . .
56 25 °C). In general, the adhesion effect of P1 is more sensitive to to a waste of adhesive materials. Electrospinning has been
7 high temperature than to low temperature. PI@PTFE is the least recognized as a low-cost but highly effective technique for the
§8 sensitive to elevated temperature. When the temperature was preparation of polymer fibers with uniform size.**7 However,
59
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electrospinning is rarely applied in the fabrication of
supramolecular adhesion coatings. P1 was successfully coated
onto a glass surface by electrospinning (Figure S24). As shown in
Figure 4b, a very small amount of P1 (1.935 MPa, 1.25 mg/cm?)
can give a strong adhesion effect, compared with the hand-
mounting method (2.017 MPa, 11.6 mg/cm?). When the amount
of P1 was reduced even further to 0.67 mg/cm? a moderate
adhesion strength was still achieved (1.163 MPa). More
importantly, the adhesive coating process by electrospinning is
remarkably time-saving. For example, when coating an area of
20%20 cm?, it takes more than one hour to prepare a uniform
coating layer of P1. In contrast, one minute is enough to obtain a
more uniform coating layer of P1 by electrospining. This
electrospining method provides savings not only in the adhesive
materials, but also in time, human cost, and energy.

Water-resistant and underwater adhesion performances.
Adhesion in a high-moisture environment, or even under water is
important for the practical applications of adhesive materials.!0-13
Up until now, tough adhesion on wet surfaces has been a
challenge for supramolecular adhesives, due to the water-induced
instabilities of supramolecular adhesive structures and their
adhesion capacities.!®!820 Adhesion tests of P1 at different
humidity conditions were carried out. To our delight, P1 displays
excellent adhesion performances in high-moisture environments.
As shown in Figure 5a, when the RH was increased from 5% to
95%, only very slight losses (0.3—8.4%) of the adhesion strengths
of P1 on different surfaces were observed. Long-term experiments
further confirmed the water-insensitive properties of P1 when
adhered on different surfaces. After storage in a high-moisture
environment (95 RH%) for 24 months (two glass plates adhered

4437 4174

4.077

14

Adhesion strength (MPa) £

o
I

RH%

HrTrE
I PumA
I Wood
Il Glass

B Steel
X represents
no adhesion

water-resistant underwater

12 months
in seawater

=
—
o)

Figure 5. a) The adhesion strengths of P1 on different substrates at different humidity or under water; b) water-resistant adhesion of P1 on
different surfaces; c) cartoon representations and macroscopic views of the adhesion process of P1 in seawater for 12 months. In Figure 5c,
commercially available glue ergo was used to adhere the hooks and P1 was used to adhere two glass plates. During the whole test process,
hooks fell off from the glass plates six times, while two glass plates were still adhered firmly. All tests were carried out at 25 °C.

Figure 6. Underwater adhesion of P1: a,b) a wooden block and a glass container adhered by P1 under water; c) underwater adhesion
process of P1 and macroscopic test of the underwater adhesion behavior of P1 in water or in air. For Figure 6c, a red dye was mixed with

P1 to get a clear view.
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Figure 7. Applications of P1: a) round bottom flask repaired by P1; b) a centrifuge tube repaired by P1; c) a water pipe repaired by P1.

by P1), neither attenuated adhesion effects nor decreased adhesion
strengths were observed. In contrast, when P1 was replaced by P2,
decreased adhesion strengths were measured (decrease of 40—60%,
compared with the adhesion strengths of P2 at 50 RH%).

Based on the positive results of the adhesion behavior of P1 in
high-moisture environments, we later explored the water-resistant
and underwater adhesion properties of P1 on different surfaces.
For the water-resistant tests, adhesion samples were prepared
anhydrously, and these samples were placed in water for 24 hours
before lap-shear testing. Less than a 10% loss in the adhesion
strengths were observed, in comparison with that of water-free
samples (Figure 5a). For example, the adhesion strengths of
Pl@glass and P1@steel (25 °C, 50 RH%) are 2.017 and 4.174
MPa, while the adhesion strengths of P1@glass and P1@steel
(placed in water for 24 hours) are 1.902 and 3.820 MPa,
respectively. Time-dependent adhesion tests demonstrate that P1
still has excellent water-resistant adhesion effects, even in
samples that were treated with water for 12 months. Macroscopic
tests further confirmed the water-resistant adhesion effects of P1
on different surfaces, which are presented in Figure 5b. After
hanging a weight of 2 kg for 12 months, no displacement or
separation occurred. A bridge prepared by three PMMA building
blocks can carry more than 65 kg in water (Figure S41 and movie
S4). Such water-resistant adhesion behavior was not merely
realized in water, but also in seawater (containing 3.5 wt% NaCl),
which expands the application of P1 as a marine adhesive (Figure
5¢).1?

Following on from the results of P1 as a water-resistant
adhesive, the underwater adhesion properties of P1 were
investigated further (Figure 6). Using adhesion on glass as an
example, P1 was first coated on the surface of a glass plate under
water, then a new glass plate was placed on top (Figure 6¢ and
movie S5). After pressing for 10 min, P1@pglass was placed under
water for 24 hours before lap-shear testing. The underwater
adhesion strengths of P1 on five surfaces are plotted in Figure Sa.
The underwater adhesion strengths of P1@glass, P1@steel, and
P1@PMMA are as high as 1.562, 3.237, and 0.618 MPa,
respectively. Though the underwater adhesion is not as strong as
the water-free or water-resistant adhesion, the values of
underwater adhesion strengths are still high compared to
previously reported underwater adhesives. P1 failed to effectively
adhere wood together when placed under water for more than 24

hours; however, short-term (0.5 to 1 hour) underwater adhesion of
P1 on wood is feasible (Figure 6a,b, Table S3, and movie S6).
This weak underwater adhesion of P1 on wood can be ascribed to
the porous structure of the wood surface, which can form a water
layer between P1 and the wood surface, thus destroying the
adhesion capacity of P1. No underwater adhesion properties were
observed from P2, P3, P4, and some commercial adhesives
(Table S4). Compared with catechol-based bioadhesives, P1 is a
strong underwater adhesive and represents a new type of
supramolecular adhesive without the polymeric backbones and
catechol units.!’31#8 For example, the underwater adhesive
reported by Wilker reached an adhesion strength of 3.000 MPa,?
and here the underwater adhesion strength of P1 is comparable
(3.237 MPa).

With the water-resistant and underwater adhesion performances
of P1 in mind, application tests of P1 were carried out (Figure 7).
P1 was successfully used as a water-resistant adhesive to repair
broken flasks, as shown in Figure 7a and movie S7. After using
the repaired flask for 12 months (with water, 25 °C), the P1 patch
was still firmly adhered to the leak of the flask. The leakage of
water pipes is a common occurrence in daily life. An adhesive for
the leakage of water pipes needs strong, fast, and long-term
adhesion effects. Based on the advantages of P1, broken pipes
with water blast (2 bars) can be easily and instantly repaired by
P1 (Figure 7c and movie S10).

CONCLUSIONS

In conclusion, herein we have reported a new supramolecular
adhesive material based on LMWMs. Versatile and tough
adhesion of P1 on different surfaces was successfully realized.
Underwater and water-resistant adhesion of P1 with stable and
long-term adhesion performances were also shown. The long-term
adhesion effect in seawater further extends the potential
application of P1 as a marine adhesive. The application of
electrospinning in the supramolecular adhesive field represents a
facile and economical method to prepare supramolecular adhesive
coatings. We hope that supramolecular adhesive materials
consisting of LMWMs would offer great potential in the research
fields of biodegradable adhesives, tissue repair, and surface
adhesion.
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