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This paper demonstrates a molecular design concept for stimuli-
responsive polymer adhesives. Self-immolative poly(benzyl ether)
(PBE) is synthesized as a functional macro-monomer that provides
multiple reversible cross-linking points and autonomously depoly-
merizes in response to a specific stimulus. Grafting only 0.1 mol% PBE
onto a soft polynorbornene matrix leads to the fabrication of an
adhesive thermoset that not only acts as a high-shear pressure-
sensitive adhesive but is also reusable and readily removable when
no longer required. This concept can be refined and realized by
tailoring the composition of the monomer, including other functions,
or incorporating a diverse range of polymeric structures to produce
sustainable applications for practical use.

Stimuli-responsive polymer adhesives that can change their
adhesive properties in response to external stimuli have recently
become a significant focus of attention.'” In order to be able to
adapt to their surroundings or behave as required for specific
applications, this class of adhesive requires both the reversible
modulation of their adhesive strength and irreversible release
behavior in response to specific stimuli such as heat, pH, light,
electric and magnetic fields, ultrasound, and/or chemical trig-
gers.” In doing so, stimuli-responsive adhesives can be used to
overcome the limitations of conventional adhesives, such as
their one-time use, difficult removal, and low reusability, and to
develop novel platforms such as smart electronics or implant-
able devices.**

However, combining both characteristics for the control of
adhesive strength without damaging the reliability of these
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adhesives remains challenging. In terms of molecular design,
a variety of polymeric structures embedded with independent
functional moieties that can be orthogonally activated to ach-
ieve the desired properties have been proposed. Recent studies
have employed dynamic bond exchange,”"® isomerization,"” "
or elimination*?*** for the covalent control of adhesive
performance, while non-covalent interactions such as multiple
hydrogen bonds or metal coordination have also been
used.®**2* However, in most cases, the covalent and non-
covalent bonds individually function for adhesive properties
so it is difficult to achieve rapid and comprehensive control for
them; thus, persistent and/or excessive stimulation is often
required, which weakens the energy-efficient re-bonding and/or
de-bonding behavior of the adhesive. Despite this, a number of
stimuli-responsive and biomimetic polymers have been
demonstrated to date,**® thus opening a route to improving
these adhesives and expanding their range of applications.

Self-immolative polymers (SIPs), which are a privileged class
of low-ceiling-temperature polymers capable of exhibiting
autonomous and complete depolymerization in response to
external stimuli.? They can depolymerize rapidly with direc-
tivity and their reaction can be fine-tuned on a molecular level,
which is in contrast to degradable polymers with labile back-
bones that undergo random, repetitive depolymerization reac-
tions such as hydrolysis and biodegradation. In addition to
their unique, tunable disassembly behavior, SIPs can induce
and/or amplify in situ physicochemical changes in materials,
thus they have been incorporated into various polymeric
architectures®** for a range of bio-related and/or sustainable
applications, including diagnosis, sensing, and drug
delivery.**** However, they have rarely been used in stimuli-
responsive adhesives.

One class of SIP that has been employed for stimuli-
responsive adhesives is poly(benzyl ether)s (PBEs). For
example, self-immolative PBE cross-linkers have been designed
to produce adhesive thermosets that trigger de-bonding via
depolymerization;*® in parallel, the functionalization of PBEs
with triazolium-based moieties has achieved competitive

This journal is © The Royal Society of Chemistry 2023
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adhesion strength with various substrates.*” However, the PBE-
based adhesives introduced to date are not reusable and/or
demand large quantities of materials given their laborious
synthetic process. Notwithstanding, the sophisticated engi-
neering of the macromolecular structure of SIPs has the
potential to produce adhesives with the desired features and to
dramatically reverse their adhesive performance even in small
amounts.

In the present study, we demonstrate the concept for the
molecular design for a stimuli-responsive adhesive that is both
reusable and de-bondable on demand. To achieve this, self-
immolative PBE macro-monomers are designed that are incor-
porated into a thermally stable, soft polynorbornene matrix via
the grafting-through method. Many reactive pendants are pre-
positioned on each side chain to provide multiple reversible
cross-linking points for the graft copolymer, while head-to-tail
depolymerization of the grafted chain cleaves all cross-links at
once when triggered by a specific stimulus, leaving only the
non-adhesive backbones. The use of only 0.1 mol% PBE leads to
the fabrication of a functional thermoset with an adhesive
performance similar to high-shear pressure-sensitive adhesives
that further can be used in water. The designed material is
reusable when exposed to heat but irreversibly and completely
de-bondable when no longer needed due to the presence of the
remnants of the functional grafts.

The conceptual design of the proposed adhesive thermoset is
outlined in Fig. 1. The primary unit of the proposed material is
functional PBE branches grafted onto a thermally stable poly-
norbornene backbone. These branches are self-immolative,
with the entire chain depolymerizing inward from the initially
triggered unit in response to a specific stimulus. At the same
time, tethering units that are embedded in the side chains
provide reversible cross-linking points in conjunction with
cross-linkers, creating a network structure. The adhesive is thus
produced by cross-linking the polynorbornene-grafi-PBE units.
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Fig. 1 Depiction of a stimuli-responsive adhesive thermoset that is
both reusable upon heating and de-bondable via induced depoly-
merization. The thermoset is molecularly designed using functional
copolymers that consist of self-immolative and cross-linkable poly(-
benzyl ether) branches and a thermally stable backbone.
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The polynorbornene backbone with n-decyl groups confers
elasticity on the copolymer, while the accessible furyl units
dangling on the branches allow for the formation of an adhesive
network via heating in the presence of a bismaleimide. Due to
the nature of the Diels-Alder reaction, the thermoset is ther-
mally reprocessable via covalent bond exchange. Furthermore,
the head-to-tail depolymerization of the side chain leads to the
cleavage of multiple cross-links as well as the release of repeat
units when a single triggering event occurs, resulting in the
rapid on-demand de-bonding of the adhesive. Then, the
network is converted to linear polynorbornene chains.

Scheme 1 describes the synthetic process for the functional
thermoset (13). The self-immolative PBE-based macro-
monomer (9) provides reversible cross-linking points and is
degradable in response to a specific stimulus. In this design,
a functional initiator (3) was synthesized that contains a phenol
unit for the initiation of anionic polymerization and a norbor-
nene unit for subsequent grafting-through polymerization. Two
types of quinone methide monomer (7 and 8) were also
synthesized, which contain a lyophilic n-butyl side chain and
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Scheme 1 Synthetic process for the reversible and degradable
networks. Reagents and conditions: (a) (i) TBSCL, imidazole; (ii) AcOH
(70% over two steps); (b) (i) DCC, DMAP, 5-norbornene-2-methanol;
(i) TBAF (20% over two steps); (c) bromide, K,COs (70% for 5; 64% for
6); (d) Ag,O (74% for 7; 62% for 8); (e) DBU, TBSCL, imidazole (94%); (f)
Grubb's 2nd gen. cat., ethyl vinyl ether (66—75%); (g) heat, quantitative.
TBS = tert-butyldimethylsilyl.
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a reactive furyl pendant, respectively. Both monomers were
copolymerized at a 1:1 molar ratio using 3 (0.1 mol%) in the
presence of a base to obtain the statistical copolymer 9. Its
molecular weight was measured to be 27 kDa (P, 1.29) using gel
permeation chromatography (GPC). The 1:1 incorporation of
the monomers was confirmed based on the OCH, protons from
7 and 8, which appeared at 3.72 and 4.74 ppm, respectively, in
proton nuclear magnetic resonance ("H NMR) spectroscopic
analysis.

Using the norbornene end-group, the designed 9 was then
polymerized with comonomer 10 via ring-opening metathesis
polymerization (ROMP), leading to the formation of graft
copolymer 11. Only 0.1 mol% 9 (i.e., 8.8 wt% with respect to 11)
was used because the steric effect caused by the macro-
monomer markedly affected the grafting reaction. For
example, employing 1 mol% 9 led to a bimodal distribution in
the GPC chromatogram, revealing the presence of both 11 (52%)
and unused 9 (48%). In contrast, an almost unimodal distri-
bution of 11 was observed with 0.1 mol% or 0.05 mol% 9, with
negligible amounts of 9 remaining (Fig. S1at). Meanwhile, the
ungrafted 9 in 11 was further quantified using a calibration
curve obtained by UV-vis spectrometry. After dispersing 11 in
acetone, the unreacted 9 dissolved was analysed based on its
absorption peak at 270 nm (Fig. S1b¥), which corresponds to
merely 0.02 mol% of its feed amount and supports structural
integrity of 11. The molecular weight of 11 increased signifi-
cantly to 273 kDa, 8.8 times higher than 9. The statistical
incorporation of 9 and 10 was confirmed using NMR based on
the proton peaks for OCH(Ph), in 9 (5.53 ppm) and OCH, in 10
(3.99 ppm) (Fig. S371). The resulting 11 was relatively malleable
and resilient compared with the powdery 9 because of the
comonomer and its high molecular weight. The furyl groups
dangling on the grafts resulted in a cross-linked network with
4,4"-bismaleimidodiphenylmethane (12) embedded in the stoi-
chiometry of the reaction sites (i.e., 1:1 furan/maleimide) via
the thermally reversible Diels-Alder reaction. As a result, the
elastic, adhesive, brownish 13 was obtained after heating at
120 °C for 4 h.

Due to the cross-linked structure, 13 was more thermally
stable up to 370 °C (its 10% weight loss temperature [T410] Ob-
tained from thermogravimetric analysis), with a Ty4, for 11 of
250 °C. No thermal transition appeared before degradation
when monitored using differential scanning calorimetry
(Fig. S4t). The gel content of 13 was also found to be sufficiently
high to support the covalent cross-linking reaction (Table S17).
Fig. 2a presents the self-immolative behavior of the PBE grafts
in response to fluoride. Following a single cleavage event in the
TBS group, all repeating units along the backbone sequentially
depolymerize via repetitive elimination reactions. The head-to-
tail depolymerization of PBE occurs autonomously and
completely throughout the backbone, producing quinone
methide monomers.>*?*

We investigated the depolymerization behavior of 9 using
GPC measurements (Fig. 2b). After exposure to 2.0 equiv. tetra-
n-butylammonium fluoride (TBAF) in DCM for 1 h, the peak for
9 at the retention time of 14.3 min totally disappeared while
new peaks ascribed to the monomer products appeared after
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18 min. The feed monomers 7 and 8 after depolymerization
were subsequently identified using high-resolution mass spec-
trometry (Fig. S21). We also depolymerized the graft copolymer
under similar conditions and isolated the resultant polymer by
precipitation. The peak in the GPC chromatogram shifted
slightly but noticeably (Fig. 2c¢), and the molecular weight
decreased by 30% (i.e., 160 kDa), with a slightly higher dis-
persity after depolymerization. In addition, the complete
removal of the PBE grafts from the polynorbornene backbone
was confirmed using the NMR spectroscopy (Fig. S3t). These
results demonstrate that the PBE grafts can depolymerize
completely even when embedded in other polymeric structures.

Fig. 2d presents control polymers 14, 15, and 16, which were
synthesized to demonstrate our design concept. The control
macro-monomer 14 was prepared from 7 only in the absence of
the furyl pendants. The molecular weight of 14 was found to be
1.6 times higher than that of 9, which was attributed to its
enhanced solubility. Similarly, the control graft copolymer 15
containing 0.1 mol% 14 had a molecular weight that is 15%
higher than 11. Comparison with 16, which is a high-molecular-
weight homopolymer prepared from 10 following a previously
reported manner,* confirmed that the incorporation of macro-
monomers hindered the overall propagation of polynorbornene
chains during ROMP, presumably due to the steric effect
induced by the macro-monomers. The measured molecular
weights and dispersity for these polymers are summarized in
Fig. 2e.

The adhesive thermoset 13 was prepared via the stoichio-
metric Diels-Alder reaction between the multifunctional 11 and
the bismaleimide 12 as shown in Fig. 3a, with the chemical
structure of the resulting reversible cross-linking point pre-
sented on the right. The adhesive properties of 13 were studied
using lap shear and 180° peel tests (Fig. 3b). As presented in
Fig. 3c, pristine 11 had a lap shear strength as low as 0.08 £
0.01 MPa after heating without 12. Meanwhile, a mixture of 11
and 12 similarly showed low strengths without heating, which
was yet dramatically increasing by 225% after heating. These
reveal the network formation is essential to cause adhesive
properties of 13 rather than the presence of 12 per se. The
strength of 13 was 0.25 + 0.01 MPa, 25 times as high as that of
double-sided tape. After heating them in the presence of 12, the
controls 15 and 16 without furan moieties exhibited a similar
strength to 11, owing to the lack of the covalent cross-linking. A
similar trend was found in the results for the peel test, with the
peel strength of 13 twice as high as that of commercial tape.
Given the results above, the adhesive performance of 13 is
considered to be basically caused from the polynorbornene with
decyl side chains owing to non-covalent electrostatic interac-
tions such as dispersion force, which is then significantly
enhanced after post-thermal cross-linking. Representative data
obtained from both tests are presented in Fig. S5.F

Swapping the cross-linker altered the adhesive properties of
the entire network (Fig. 3d). The relatively short 17 or the bent
18 were used to replace 12 in forming a network with 11. With
17, the lap shear and peel strength decreased by 16% and 24%,
respectively, compared with 13. With 18, a greater decrease in
the strength was observed, which was similar to that of 11

This journal is © The Royal Society of Chemistry 2023
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Fig.2 (a—c) Designed depolymerization behavior of the graft copolymer 11. (a) The reaction mechanism for the head-to-tail depolymerization
of the polymer grafts of 9 in response to fluoride; TBS = tert-butyldimethylsilyl. (b and c) GPC chromatograms of as-prepared (dotted black) (b) 9
and (c) 11 and after exposure to fluoride (violet). Illustrations of the depolymerization of 9 and 11 are presented in the insets. (d) Synthetic process
for the control macro-monomer 14 without furfuryl units and the resulting graft copolymer 15. Control polymer 16 without the polymer grafts is
shown on the right. (e) Summary of the molecular weight and dispersity obtained for all polymers.

without 12. Considering mechanical properties of thermosets the maleimides toward the dangling furans, as found before.*

are affected by cross-linking density, the short or bent cross- Representative data are shown in Fig. S6.1

linkers were deemed not to provide sufficient inter-chain The viscoelastic behavior of 13 was investigated using

cross-linking of 11, probably due to reduced accessibility of dynamic mechanical analysis (DMA) to quantify its adhesive
properties (Fig. 3e). In frequency sweep mode, the storage and
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Fig. 3 Formation of the adhesive thermoset 13 via thermal treatment and experimental data for its adhesive properties. (a) Illustration of the
thermally reversible cross-linking process for 11 in the presence of 12. Chemical structure of the cross-linking point is shown on the right. (b)
Diagrams of the lap shear and 180° peel tests conducted on the materials. (c) The lap shear strength (navy) and the peel strength (gray) obtained
from the materials. The values for commercial double-sided tape are presented for comparison. (d) The effect of cross-linkers on the adhesive
properties of the resulting networks (lap shear test, navy; 180° peel test, gray). The chemical structures of the control bismaleimides (17 and 18)
are presented on the right. (€) Changes in the storage and loss moduli (G' and G”, respectively) of 13 with an increase in the frequency at 25 °C. (f)
Viscoelastic window for 13 (orange region) in comparison with Chang's criteria for pressure-sensitive adhesives.
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loss moduli (G’ and G”, respectively) of 13 increased with an
increase in frequency, and the loss factor was estimated to be <1
over the tested frequency range (Fig. S71). These results
confirmed the predominant elastic nature of the network. Of
particular note is that both dynamic moduli measured at 0.01
and 100 rad s give the impress of pressure-sensitive adhesive
(PSA), each of which indicates the bonding and de-bonding
frequency of PSAs.* The G’ at the bonding frequency of 13
meets the Dahlquist criterion (G’ < 3.3 x 10> Pa),"* and its
viscoelastic window falls in quadrant 2 as classified by Chang.**
Based on these two benchmarks, 13 can be classified for use as
a high-shear PSA. Given that the viscoelastic window depends
on the moduli, various types of PSA could be fabricated using 13
by adjusting the molar ratio of the components or the molecular
weight of 9. In fact, the adhesive strength of 13 is lower than
that of other polynorbornene-based materials that are cross-
linked with PBE-based additives.*® Nonetheless, here we are
able to achieve the chemically defined thermosets using PBE-
based monomers and further demonstrate them as a func-
tional PSA.

Following our design principles, the adhesive 13 is not only
healable when damaged but also de-bondable when no longer
needed. As shown in Fig. 4a, this reusability originates from the
reversible bond exchange when heated, while the degradability
is the result of depolymerization.

The impact of the bond exchange was demonstrated by re-
bonding the damaged samples via thermal treatment
(Fig. 4b). After the glued glass slides were detached by force,
they could no longer be glued together, with a measured lap
sheer strength of only 0.02 £+ 0.01 MPa. This would be ascribed
to cohesive failure of 13 that occurred along with adhesive
failure (Fig. S8at). So, chain entanglement could not be fully
restored and separate adherends could be roughened during
dismantlement, which hinders the recovery of the adhesion at
room temperature. However, this increased to 0.14 + 0.01 MPa
when the adhesive was heated at 80 °C for 4 h, before returning
to its initial value after heating at 120 °C for the same period of
time. Representative load-displacement curves for the adhesive
samples are presented in Fig. S8b.t In addition, we observed
a similar lap shear strength for each of four repeating detach-
ment-re-attachment cycles, thus verifying the reusability of 13
(Fig. 4b). Restoring the adhesive properties of the de-bonded
material was temperature-dependent, with thermal treatment
at 120 °C sufficient for the retro-Diels-Alder reaction, which led
to the topological re-arrangement of the Diels-Alder linkage
when cooled to room temperature. Further, the thermo-
reversible bonding behavior of the adhesive was confirmed
using peel tests, with the peel strength after detachment
recovering completely after heating at 120 °C (Fig. S8c¥).

On the other hand, the glass slides glued using 13 were able
to be separated in the presence of fluoride. Exposure to 100 mM
TBAF under aqueous conditions at 25 °C immediately led to an
exponential decrease in the lap shear strength, with complete
de-bonding occurring within 9 h due to the depolymerization of
13. We also examined the effect of the fluoride concentration on
the triggered de-bonding behavior, with lower concentrations
requiring a longer induction period in the initial stage, after
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Fig. 4 (a) Schematic description for the structural change induced in
13 when reversibly dissociated or irreversibly depolymerized. (b)
Reversible change in the lap shear strength of 13 when detached by
force (solid) and that after being restored by thermal treatment
(dotted). Four detachment-reattachment cycles are presented. (c)
Irreversible change in the lap shear strength of 13 when exposed to
different concentrations of fluoride (0-100 mM in 1: 1 water—ethanol,
v/v) at 25 °C. (d) Photographs for underwater adhesion of 13 holding
a 3 kg weight: (left) as-prepared, (middle) after storage for a day in the
absence of fluoride, and (right) upon the addition of fluoride (5 mM) at
room temperature.

which a similar decrease in the adhesion strength was observed.
For example, with 0.1 mM fluoride, the induction period was
10 h, after which a decrease in the strength was observed for 9 h
until de-bonding, as was the case with a concentration of
100 mM. These results indicate that, once initiated, the head-to-
tail depolymerization of 13 leads to the de-bonding of adhesives
irrespective of the degree to which the stimulus is supplied.

This journal is © The Royal Society of Chemistry 2023
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Without fluoride, 13 maintained a constant strength over the
experimental period, as expected (Fig. 4c). The load-displace-
ment curves for the samples recorded during the lap shear tests
are presented in Fig. S9.}

The de-bondable underwater adhesion of 13 was also
demonstrated in a large-scale test (Fig. 4d). Glass slides (2.5 X
1.2 cm®) glued together using 13 were able to hold a 3 kg weight
underwater for a day at room temperature. However, as soon as
a small amount of 1 M TBAF solution was added, the joint came
apart and the weight fell. Due to the presence of the weight,
a fluoride concentration as low as 5 mM resulted in the rapid
de-bonding of the glass slides.

Conclusions

In conclusion, we demonstrated the molecular design of
a reusable and de-bondable adhesive thermoset. To achieve
this, self-immolative macro-monomers were synthesized via
anionic polymerization using two types of quinone methide
monomer and a functional initiator. A polynorbornene-graft-
PBE copolymer was then fabricated via grafting-through poly-
merization. Each PBE branch on the polynorbornene backbone
provided multiple, reversible cross-linking points and entirely
depolymerizes when exposed to a single triggering event. Elastic
networks were thus obtained after thermal treatment in the
presence of cross-linkers. These were then used as a high-shear
pressure-sensitive adhesive and subjected to lap shear and peel
tests, exhibiting an adhesive strength that is higher than that of
general adhesive tape. As designed, the adhesive could also be
restored when damaged due to reversible covalent bond
exchange, while rapid de-bonding on demand was possible due
to the instant cleavage of multiple cross-links via head-to-tail
depolymerization. It is believed that the adhesive strength can
be optimized by adjusting the feed ratio or molecular weight of
the components and employing other end-caps rather than TBS
can allow to use various stimuli such as pH, enzyme, heat or
light that are eco-friendly or further provide a spatiotemporal
control of adhesives.**** In addition, our conceptual design can
be advanced with the use of various comonomers and bio-
inspired responses, allowing its use in a variety of industrial
and biomedical applications.
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