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er design for cleavable
polyurethanes: conjugate substitution-induced
main-chain scission for removable adhesives
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Polyurethanes that degrade via main-chain scission under ambient conditions were designed. Monomer

precursors were synthesized via the Morita–Baylis–Hillman reaction of acrylates with

terephthalaldehydic acid, followed by azidation. Subsequent Curtius rearrangement afforded AB-type

monomers containing both isocyanate and hydroxy groups, and their self-polyaddition yielded a series

of polyurethanes exhibiting solubility and glass transition temperatures depending on the structures of

the pendant alkyl groups. Because the allylic positions of the methacrylate moieties were substituted

with carbamate groups, treatment with diethylamine efficiently induced quantitative conjugate

substitution under ambient conditions, resulting in main-chain scission accompanied by decarboxylation.

Importantly, copolymers containing another AB-type monomer lacking methacrylate moieties

underwent degradation via a self-immolative pathway triggered by conjugate substitution. The resulting

polyurethanes functioned as adhesives for glass plates with a lap shear strength of 0.28 MPa and were

readily removed by treatment with methanolic diethylamine solution.
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Introduction

Cleavable polymers, which decompose into small molecules via
specic stimuli, have gained attention from the perspective of
sustainable society.1,2 For example, polymers that recover the
corresponding monomers or their precursors are promising for
resource circulation via chemical recycling, and novel polymers
with enhanced degradability,3–8 including polymethacrylates,9–12

polystyrenes,13 polyesters,14–16 and polycarbonates,17 have been
reported. On the other hand, cleavable polymers that undergo
main-chain scission (MCS) to oligomers are also important,
particularly as removable adhesives that allow component reuse
and material recycling.18–27 MCS efficiently releases polymer
chains through a few bond-cleavage events from entanglement
effects and intermolecular interactions.28 As a result, drastic
changes in polymer properties are caused, including the
improvement of solubility,29,30 decrease in solution viscosity,31

and dissociation of self-assembly.32 When MCS occurs in
adhesives, such property changes decrease both cohesion and
adhesion performances to achieve adhesion removal.33 For
example, Sato et al. reported linear polyperoxides synthesized
from methyl sorbate and oxygen as detachable pressure-
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sensitive adhesives (PSAs).34 The polymer underwent MCS upon
heating or UV irradiation, and the resulting oligomers behaved
as plasticizers to reduce the cohesion force, leading to di-
smounting. In contrast, polymers that decompose into gaseous
products are also effective for adhesion removal.35,36

Polyurethanes are among the most widely used polymers,
ranking as the sixth most produced polymer worldwide, and are
extensively utilized in applications such as foams, adhesives,
and coatings.20,37,38 However, the MCS of polyurethane via
hydrolysis39,40 and glycolysis41,42 requires harsh conditions,20

and other reactions for cleavage are desirable. In this context,
Nozaki et al. reported the chemoselective cleavage of urethane
linkages via hydrogenolysis using an iridium complex.43

Another possible strategy for cleavable polyurethane is
replacement of urethane bond with other weak analogues. For
example, Li et al. introduced tert-butyl groups as N-substituents,
enhancing the reversibility of urethane formation by huge steric
hindrance.44 Replacement of the carbonyl group in urethane
bonds with a sulfonyl group is also a promising approach to
enhance cleavability because ‘sulfamate’ bonds undergo
hydrolysis more efficiently under mild conditions than carba-
mate, that is, urethane bonds.45 These approaches achieve
cleavability by directly altering the reactivity or chemical struc-
ture of the urethane-derived linkage.

In contrast to the above approaches, which target the
urethane bond itself, we recently reported a strategy that places
a conjugate-substitution trigger in the vicinity of the urethane
bond (Fig. 1A).46 In this reaction, a nucleophile attacks the
Fig. 1 (A) Design of cleavable polyurethane in our previous work. Both
methacrylate moieties and urethane bonds are located in the back-
bone. (B) Debonding of removable polyurethane adhesives accom-
panied by CO2 release. (C) Current molecular design that places
methacrylate moieties as pendant groups.
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electron-decient exo-olen of the methacrylate moiety rather
than the urethane bond itself. The subsequent conjugate
substitution induces cleavage of the allylic C–O bond, followed
by decarboxylation and amine liberation. This reaction
proceeds quantitatively under ambient conditions, even in
aqueous media. Because this molecular design does not require
direct modication or intrinsic weakening of the urethane
bonds, the urethane groups remain intact before treatment with
a nucleophile and continue to contribute to intermolecular
interactions such as hydrogen bonding. For example, this
strategy can be applied to polyurethane adhesives, in which
hydrogen bonding between urethane groups plays a crucial role
in determining the adhesion and cohesion strengths. That is,
conjugate substitution triggers carbamate cleavage with CO2

release, leading to debonding (Fig. 1B). Thus, this molecular
design has the potential for application to removable poly-
urethane adhesives.

However, several issues remain in implementing this
strategy in polyurethane systems. In our previous molecular
design, the methacrylate moieties, which function as triggers
for the conjugate substitution reaction, were located in the
backbone.46 This structural limitation restricts the molecular
design to tune polyurethane properties, particularly glass tran-
sition temperature (Tg) and affinity to substrates, which are
important parameters for adhesives. In addition, the monomer
was synthesized via Morita–Baylis–Hillman (MBH) reactions,
which are intrinsically low in efficiency and result in low overall
yields. To address these issues, we designed polyurethanes
bearing methacrylate moieties as pendant groups (Fig. 1C).
Although the monomers require MBH reactions for their
preparation, the efficiency was signicantly improved by using
an electron-poor aldehyde. In addition, the present pendant-
type design allows the ester alkyl substituent to be varied
independently without altering the polyurethane backbone.
Consequently, the thermal properties and solubility can be
tuned while retaining MCS through conjugate substitution and
the function of a removable adhesive. In this study, we report
the polyurethane synthesis from AB-type monomers 5a–c
(Scheme 1) and their degradation via conjugate substitution
reactions. The polymers undergo efficient cleavage under
ambient conditions, enabling their application as removable
adhesives, as demonstrated by debonding experiments.

Results and discussion
Monomer design and precursor synthesis

To realize the cleavable polyurethane design described in
Fig. 1C, AB-type monomers 5a–c, bearing isocyanate and
hydroxy groups, were designed (Scheme 1). In this design, the
methacrylate moiety responsible for conjugate substitution is
located in the pendant group, while the ester alkyl substituent
can be varied independently. Methyl, n-butyl, and n-dodecyl
groups were selected as the alkyl pendants because the corre-
sponding acrylates are commercially available and readily
applicable to the present synthetic route. In addition, our
previous study showed that the side-chain structure of related
polyurethanes affects their Tg and solubility.47,48 Thus, the
This journal is © The Royal Society of Chemistry 2026



Scheme 1 Synthesis of cleavable polyurethane using AB-type
monomers.

Table 1 One-pot preparation and polymerization of 5a–c and control
monomer 5d

Entrya 4 Solv.b Catalystc Yield (%) Mn
d (g mol−1) Đd

1 4b — — 88 4000 1.5
2 4b — DBTDL 93 11 000 1.8
3 4b DMF — 79 3600 1.6
4 4b DMF DBTDL 96 4600 1.6
5 4a — DBTDL 98 Insoluble
6e 4a — DBTDL 90 4700 1.6
7e 4b — DBTDL 90 9200 1.8
8e 4c — DBTDL 94 11 000 1.8
9 4d DMF — 84 25 000 3.0

a Curtius rearrangement followed by self-polyaddition were conducted
in bulk or in DMF at 110 °C for 30 min. b DMF (1.0 mL for 1.0 mmol
of 4) was used in Entries 3, 4 and 9. c [4]/[DBTDL] = 50/1.
d Determined by SEC (DMF, 40 °C, polystyrene standards). e Reactions
were conducted at 90 °C for 180 min.

Paper Journal of Materials Chemistry A
present homologous series was expected to enable a systematic
evaluation of the inuence of simple alkyl pendants on the
properties of the resulting cleavable polyurethanes. Two
synthetic routes were examined for 4b, which is the precursor of
5b. Route A involves the azidation of terephthalaldehydic acid
(1) using diphenyl phosphoryl azide (DPPA) and the subsequent
MBH reaction with n-butyl acrylate (2b). However, the overall
yield was low (9%), and Route B, which consists of the opposite
reaction sequence, was investigated. As described previously,
typical MBH reactions suffer from low yields because of equi-
librium and side reactions.46Nevertheless, MBH reactions using
aromatic aldehydes substituted with electron-withdrawing
groups proceed efficiently, as the reduced electron density at
the carbonyl carbon facilitates nucleophilic attack.49 In addi-
tion, the products were readily isolated without chromato-
graphic purication or recrystallization, because impurities
such as unreacted 1 and/or 2b were removed by simple washing
and precipitation processes. Thus, 3b was isolated in high yield
(78%), and azidation using DPPA afforded 4b in 92% yield. That
is, the overall yield of 4b was 71%. Similarly, 4a and 4c, bearing
methyl and n-dodecyl groups, respectively, were prepared in
63% and 71% yields, respectively. Similarly, 4d, a monomer
precursor without methacrylate moieties, was also prepared.
The structures of the obtained products were characterized by
1H and 13C NMR and FTIR spectroscopies (Fig. S1–S24).
Homopolymerization

According to previous reports,47,48,50,51 monomer precursors 4a–c
were heated at 110 °C for 30 min to induce the Curtius rear-
rangement, generating 5a–c, followed by polymerization
(Scheme 1 and Table 1). We initially examined the
This journal is © The Royal Society of Chemistry 2026
polymerization behavior of 4b. Bulk polymerization at 110 °C
resulted in a number-average molar mass (Mn) and dispersity in
molar mass (Đ) of 4000 g mol−1 and 1.5, respectively (Entry 1).
The chemical structure of the product was characterized as 6b
using 1H NMR spectroscopy (Fig. 3C, see ‘main-chain scission’
subsection). Polymerization using di-n-butyl tin dilaurate
(DBTDL) resulted in a higherMn (Entry 2), whereas those inN,N-
dimethylformamide (DMF) did not achieve a higherMn (Entries
3 and 4). Thus, polymerization using 4a was conducted under
a condition similar to that used for Entry 2; however, the
product was insoluble in DMF, dimethyl sulfoxide (DMSO),
tetrahydrofuran (THF), and chloroform (CHCl3), which pre-
vented its characterization (Entry 5). As described later, the ex-
pected product, 6a, underwent thermal decomposition at
temperatures above 150 °C. This suggests that the polymeriza-
tion product might have undergone thermal decomposition
owing to the reaction heat during bulk polymerization. To avoid
such concerns, the polymerization of 4a–cwas performed at 90 °
C for 180 min on a ten-gram scale, resulting in the expected
polyurethanes (Entries 6–8). Notably, the Mn values of poly-
urethanes 6a–c were lower than that of polyurethane 6d, which
was derived from precursor 4d without any substituent (Scheme
1, Entry 9). Thus, the lower Mn values were attributed to the
secondary alcohol moieties of 5a–c, which are generally less
reactive than primary alcohols owing to steric hindrance.47,48,52

The polymer structures were characterized using 1H and 13C
NMR spectroscopies (Fig. S25–S32) and size-exclusion chroma-
tography (SEC; Fig. S34–S37).
Solubility, thermal, and viscoelastic properties

The introduction of a pendant group signicantly affected the
polymer solubility and thermal properties (Table 2). 6a and 6b
were soluble in DMSO, DMF, acetone, and THF, but insoluble in
diethyl ether (Et2O) and chloroform (Table S1). In contrast, 6c
was soluble in acetone, Et2O, THF, partly soluble in DMF, and
insoluble in DMSO and chloroform. These differences indicate
the effects of alkyl pendants on the solubility of polyurethanes.
J. Mater. Chem. A



Table 2 Solubility and thermal properties of obtained homopolymers

code

Solubilitya

Tg
b (°C) Td5

c (°C)DMSO DMF Acetone Et2O

6a + + + — (92)d 146
6b + + + — 93 146
6c — +/− + + 51 161
6d +/− +/− — — — 174

a Solubility was evaluated using 5 mg of polymer in 1.0 mL. +: Soluble,
+/−: partly soluble,−: insoluble. b Determined from the midpoint of the
heat capacity change in the second DSC heating scan (10 °C min−1, N2
atmosphere). c Determined by TGA (10 °C min−1, N2 atmosphere).
d Onset temperature of glass transition.
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6d did not exhibit a glass transition below the decomposi-
tion temperature, whereas the DSC proles of 6a–c indicated
a glass transition (Fig. 2A). Because the glass transition of 6a
occurred at temperatures near the thermal decomposition
temperature, only the onset of the glass transition could be
reliably determined at 92 °C. The Tg values of 6a–c decreased
with increasing alkyl pendant length (Table 2). These results
imply that the pendant groups effectively weaken interchain
interactions, such as hydrogen bonding between urethane
groups.

The thermal decomposition behavior was not signicantly
affected by pendant groups. 6a–c exhibited signicant weight
loss over 130–170 °C in the thermogravimetric analysis (TGA)
proles (Fig. 2B and S39–S41). A similar drastic weight loss was
also observed for 6d, a self-immolative polymer (SIP) that
undergoes depolymerization triggered by external stimuli
(Fig. 2C).53,54 Thus, the thermal decomposition was anticipated
to originate from depolymerization, which is accompanied by
CO2 elimination. Indeed, the weight loss of 6a was 18%, which
Fig. 2 (A) DSC profiles of 6a–c. (B) TGA profiles of 6a and 6d. (C)
Reaction mechanism of self-immolation of 6d. (D) Temperature-
sweep rheology curves of 6c during cooling.

J. Mater. Chem. A
agreed with the weight fraction of the CO2 moiety in the
urethane bonds.

To evaluate the rheological properties, lm preparation was
attempted by casting solutions of 6a–c in acetone (300 mg
mL−1), although 6a and 6b were too brittle and did not afford
self-supporting lms. In contrast, 6c afforded a self-supporting
lm with a thickness of approximately 0.35 mm (Fig. S45). This
difference suggests that the long alkyl pendant of 6c improved
the lm-forming behavior. The temperature-sweep rheology
curve of 6c (Fig. 2D) indicated that the storage modulus (G0) at
20 °C was 6.6 MPa, suggesting a glassy property. However, G0

and the loss modulus (G00) crossed at approximately 36 °C,
which was corresponding to glass transition observed in the
DSC curve. Above this temperature, the loss modulus exceeded
the storage modulus, indicating that viscous behavior became
dominant. Because the Tg of 6c was close to ambient tempera-
ture, 6b was used for the adhesion tests discussed later.
Main-chain scission via conjugate substitution

Because 6a–c contain methacrylate moieties bearing allylic
carbamate leaving groups, nucleophilic conjugate substitution
at the exo-olen moiety can directly induce cleavage of the
polyurethane main chain, as shown in Fig. 1C. Specically,
nucleophilic addition to the electron-decient exo-olen is fol-
lowed by allylic C–O bond cleavage and decarboxylation of the
resulting carbamic acid intermediate. To investigate this reac-
tion, 6b was treated with diethylamine (Et2NH) in DMSO-d6 at
25 °C (Fig. 3A). Size-exclusion chromatography (SEC) proles
indicated a rapid decrease in the molar mass within 30 min
(Fig. 3B). The 1H NMR spectra changed completely aer 24 h
(Fig. 3C). For example, the vinylidene proton signals A (5.8 ppm)
and B (6.3 ppm) disappeared aer 24 h, whereas a new signal at
3.2 ppm, assignable to the allylic protons, appeared. The
conversion of the methacrylate moieties in 6b, estimated as the
intensity decrease of signal A relative to that of DMF as an
internal standard, exceeded 50% within 5 min and reached
nearly 100% within 6 h (Fig. 3D). The second-order kinetic plot
(Fig. 3E) showed a linear relationship until the conversion
reached 98%, suggesting that degradation proceeds via MCS
through a conjugate substitution reaction. Similar experiments
were conducted using propylamine (nPrNH2), triethylamine
(Et3N), and 1,4-diazabicyclo[2.2.2]octane (DABCO) to investigate
the effects of amine structure on the degradation rate. As
described previously, MCS using Et2NH was almost complete
within 6 h (Fig. S46). In contrast, propylamine required
approximately 24 h (Fig. S55–S58). Moreover, the conversion
was only 70% even aer 24 h when Et3N was used as the
nucleophile (Fig. S59–S62). This tendency can be explained by
the differences in nucleophilicity determined from the electron
density and steric hindrance. Notably, quantitative conversion
was achieved within 4 h when DABCO, the most nucleophilic
amine examined, was used (Fig. S63–S66). The 1H NMR spectrum
aer 24 h (Fig. S65), assigned with reference to the literature,55

indicated two major products, 8b and 11b. Thus, the reaction
pathway was suggested as shown in Scheme 2. That is, the
conjugate substitution with DABCO resulted in an ammonium
This journal is © The Royal Society of Chemistry 2026



Fig. 3 MCS reaction of 6b using Et2NH. (A) Reaction scheme. (B) SEC profile changes. (C) 1H NMR spectral changes. (D) Time versus conversion
plot. (E) Second order kinetics plot.

Scheme 2 Proposed reaction pathway in MCS of 6b using DABCO as
a nucleophile.

Paper Journal of Materials Chemistry A
intermediate 11b, and further conjugate substitution with water
or hydroxide ion resulted in 8b. The MCS using Et2NH as
a nucleophile was also effective for 6a and 6c in DMSO-d6 and
acetone-d6, respectively (Fig. S47–S54).
Copolymer synthesis, properties, and main-chain scission

To understand the effects of methacrylate moieties on polymer
synthesis, properties, and degradation, the copolymerization of
Scheme 3 Synthesis and MCS of 6b/d.

This journal is © The Royal Society of Chemistry 2026
5b and 5d was conducted by heating the corresponding
precursors 4b and 4d in DMF at 110 °C for 30 min (Scheme 3).
Copolymerization was performed with varied feed ratios, and
copolymers with the expected compositions were obtained
(Table 3, Entries 10–12; Fig. S33 and S38). The Tg values of the
obtained copolymers increased from 38 to 67 °C as the
composition of 5d units increased from 50 to 90 mol%
(Fig. S44). The MCS reactions of the obtained copolymers 6b/
d were investigated in a manner similar to that used for the
homopolymers. For example, the copolymer obtained in Entry
10 (5b-units: 50mol%) was treated with Et2NH at 25 °C. The SEC
prole changes clearly indicated the progress of the MCS reac-
tion aer 24 h (Fig. S72), whereas the 1H NMR spectrum sug-
gested the complete disappearance of the vinylidene proton
signals (Fig. S67). These results suggest that the MCS was
completed aer 24 h. To quantitatively evaluate the degrad-
ability of copolymers, the ratio ofMn aer 24 h to that at 0 h was
used as an index (Fig. 4A). This ratio decreased with increasing
5b-units, suggesting that the incorporation of 5b units effec-
tively introduces cleavage points into the polymer backbone.
Table 3 One-pot preparation and copolymerization of 5b and 5d

Entrya

Feed
(mol%)

Yield (%) Mn
c (g mol−1) Đb (−) Tg

c (°C) Td5
d (°C)5b 5d

10 50 50 89 4400 1.7 38 137
11 30 70 90 6700 1.9 42 135
12 10 90 91 8200 2.2 67 146
13e 9 91 99 12 000 2.1 69 170

a Curtius rearrangement of 4b and 4d followed by polyaddition of their
products 5b and 5d were conducted in DMF at 110 °C for 30 min.
b Determined by SEC (DMF, 40 °C, polystyrene standards).
c Determined by DSC (second heating, 10 °C min−1, N2 atmosphere).
d Determined by TGA (10 °C min−1, N2 atmosphere). e Polymerization
was conducted in DMF at 100 °C for 60 min.

J. Mater. Chem. A



Fig. 4 (A) Effects of copolymer composition onMn after MCS for 24 h.
(B) SEC profile changes during MCS of 6b/d (5b-unit: 9 mol%) using
Et2NH (1.0 equiv.).

Journal of Materials Chemistry A Paper
It is notable that 6b/d (5b-unit: 9 mol%), obtained via poly-
merization at 100 °C for 60 min (Entry 13), underwent quanti-
tative MCS aer 24 h. Nevertheless, a further decrease in the
molar mass was observed aer 14 d (Fig. 4B). Thus, another
reaction mechanism is required to explain this slow decrease in
molar mass. A possible scenario is the spontaneous depoly-
merization of Fragment-B, derived from the MCS reaction, as
a SIP (Fig. 2C). This phenomenon is interesting but out of the
main topic of this study, removable adhesives, and will be re-
ported in our future work.
Application to removable adhesives

To demonstrate the potential application as a removable
adhesive, the bonding and subsequent debonding of two glass
substrates were examined. An acetone solution of 6b (300 mg
mL−1) was applied to one glass substrate to obtain an adhesion
area of 625 mm2, and another glass substrate was placed on top
of it. The lap shear strength was 0.28 MPa (Fig. 5A). The adhe-
sive joint was immersed in a 50 wt% solution of Et2NH in
methanol at 25 °C. One of the glass substrates detached under
its own weight aer 1 h (Video-1), and no visible adhesive
residue remained on the glass surface aer debonding (Fig. 5B).
Gas bubble formation was observed from the adhesive layer
during immersion (Video-1). In contrast, a similar experiment
Fig. 5 Lap-shear stress–strain curves of glass/glass joints (A). Adhesive
residue after immersion in a Et2NH/methanol solution (B) and meth-
anol (C).
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using pure methanol also resulted in debonding, but it took
a longer time (5–6 h), and a large amount of adhesive residue
was observed (Fig. 5C). These results suggest that the MCS
reaction effectively reduced the cohesion of the adhesive layer,
possibly through decreased chain entanglements and disrup-
tion of hydrogen bonding between urethane groups, thereby
enabling rapid and clean debonding.

To evaluate the adhesion of 6b to different substrate mate-
rials, glass/steel, glass/PMMA, and glass/wood joints were
prepared. The glass/steel joint exhibited lap shear strength of
0.43 MPa (Fig. S76), whereas the glass/PMMA and glass/wood
joints detached upon the application of a small force and
could not be subjected to lap shear testing. These results indi-
cate that the adhesion performance of 6b depends on the
substrate material. The debonding behavior of the glass/steel
joint was also evaluated. The joint debonded aer 30 min in
a 50 wt% solution of Et2NH in methanol at 25 °C (Video-2,
Fig. S77A), whereas a longer time (6–7 h) was required in pure
methanol and a large amount of adhesive residue remained
(Fig. S77B). These results indicate that the MCS reaction is also
effective for the rapid and clean debonding of glass/steel joints.

Conclusions

A series of polyurethanes bearing methacrylate moieties in
pendant groups were prepared from AB-type monomer precur-
sors 4a–c via Curtius rearrangement and polyaddition. The
obtained polymers 6a–c exhibited solubilities and Tg values
reecting the pendant chain lengths, whereas the tune of Tg
values was achieved via copolymerization with non-substituted
monomer 5d. Thus, the present pendant-type design allows
polyurethane properties to be tuned by changing the ester alkyl
substituent without altering the polyurethane backbone. These
polymers readily decomposed via the MCS reaction based on
conjugate substitution with primary, secondary, and tertiary
amines, even at ambient temperature. In addition, copolymer
6b/d, which contains non-substituted units derived from 5d,
showed a further decrease in molar mass aer the initial MCS,
probably because of the self-immolation mechanism. The
polymer was applied as a removable adhesive for glass plates
because the MCS reaction proceeded under ambient condi-
tions. Treatment with a methanolic diethylamine solution
enabled rapid and clean debonding without visible adhesive
residue. These results suggest that MCS reduced the cohesive
strength of the adhesive layer through decreased chain entan-
glements and disruption of hydrogen bonding. Because
debonding proceeds under ambient conditions without heat-
ing, the present approach may be useful for bonded assemblies
containing heat-sensitive or dissimilar components. We believe
that this concept will contribute to the establishment of
a sustainable society.
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