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Abstract On-demand peelable adhesives represent a pivotal green chemistry research avenue; however, they confront a critical challenge in
reconciling robust interfacial bonding strength with efficient peelability. Herein, a cohesion-adhesion synergy-guided molecular engineering
strategy was developed to fabricate UV-curable adhesives with the integrated properties of superior bonding strength and hot water-triggered
peelability. The adhesive was formulated with custom-synthesized difunctional polyurethane acrylate (PM1) as the crosslinker, which was blend-
ed with complementary acrylate monomers. PM1 constructed a robust yet adaptable crosslinking network to ensure high cohesive strength; its
polytetrahydrofuran diol- and polyester diol-derived soft segments endowed the network with superior molecular chain mobility and stress dissi-
pation capacity. Additionally, the incorporation and compositional optimization of polar acrylate monomers modulate the cohesive energy, sur-
face wettability, and interfacial adhesion of the substrate, thus realizing synergistic enhancement of the cohesive and adhesive properties. Sys-
tematic experimental investigations and molecular dynamics simulations were conducted to determine the structure-property relationships gov-
erning the composition, bonding performance, and mechanical properties of UV-curable adhesives. The optimized formulation achieved high
shear strength (>5 MPa, glass substrates), excellent mechanical properties (tensile strength: 12.80 MPa, elongation at break: 313.70%), and good
thermal stability (5 wt% weight-loss temperature > 240 °C). Notably, the developed adhesives realize rapid, complete, and residue-free debond-
ing within 3 min of immersion in 60 °C water, where hydration-induced disruption of adhesive-substrate contact attenuates interfacial interac-
tions. Additionally, the peeled adhesive can be recycled repeatedly after drying while retaining its excellent interfacial bonding performance. This
study provides a versatile and scalable strategy for the rational design of high-performance functional adhesives, thereby paving the way for re-
cycling electronic products and sustainable manufacturing.
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INTRODUCTION

High-performance adhesives are pivotal functional materials in
advanced manufacturing processes and play indispensable
roles in electronics, automotive engineering, chip packaging,
aerospace, and other high-value sectors.'~ Among them, UV-
curable acrylate adhesives have become a research hotspot in
the adhesive field over the past decade because of their fast
curing speed, excellent mechanical properties, and wide range
of applicable substrates, which can meet the current demand
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for high efficiency and low energy consumption.>®! However,
traditional UV-curable acrylate adhesives construct robust
three-dimensional cross-linked networks upon curing, render-
ing the bonded components intractable to disassembly, recy-
cling, and repair. This limitation is particularly prominent in sce-
narios such as electronic waste recycling and temporary bond-
ing and has become a core bottleneck restricting the sustain-
able development of the industry. Therefore, the rational de-
sign and scalable fabrication of peelable UV-curable acrylate ad-
hesives has emerged as a critical challenge that demands im-
mediate attention.

Various synthetic and functional modification strategies
have been explored for the development of advanced adhe-
sives with on-demand debonding capabilities. For instance,
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stimulus-responsive structural units are integrated into the
polymer matrix, enabling reversible dissociation/recombina-
tion of the polymer network upon exposure to external trig-
gers, including heat,’-'3! light,['4-71 magnetic fields,!'8-2"]
and electrical stimuli.22-24] However, the intricate physico-
chemical characteristics of adhesive systems render the
achievement of consistently reliable and precisely tunable ad-
hesion a formidable challenge. Compared to the strategy of
incorporating stimuli-responsive moieties into the adhesive
network to achieve stimuli-triggered regulation of network
structures, anchoring and regulating the interfacial adhesion
behavior represents a more ingenious alternative pathway for
manipulating the adhesive performance. Notably, reducing
the interfacial adhesion strength via the hydration of the
functional groups in the adhesive at the substrate interface
represents an ingenious strategy for achieving adhesive pee-
lability. Accordingly, hot water immersion, as a low-cost, pol-
lution-free, and facile stimulus method, enables selective
peeling under mild conditions, outperforming the use of
strong chemical solvents or high-energy radiation while mini-
mizing substrate damage to the utmost extent.2>-28] Howev-
er, for UV-curable acrylate adhesives, the realization of hot-
water-assisted peelability remains a formidable challenge,
which hinges on two critical trade-offs: balancing the cohe-
sive strength and interfacial adhesion strength of the adhe-
sive and reconciling the contradiction between high interfa-
cial adhesion strength and efficient water penetration-in-
duced hydration. Thus, precise manipulation of chemical
structures and cross-linking networks to endow adhesives
with ultrahigh interfacial adhesion strength, superior peela-
bility, and recyclability has become a core research priority in
this field.

To address the aforementioned issues, this study devel-
oped a cohesion-adhesion synergy-guided molecular engi-
neering strategy to fabricate UV-curable adhesives with the
integrated properties of superior bonding strength and hot
water-triggered peelability. A custom-synthesized UV-cur-
able difunctional polyurethane acrylate (PM1) with a tailored
hard-soft segment structure was blended with a mixture of
complementary acrylate monomers to construct a novel ad-
hesive system. The soft segments in the PM1 molecular chain,
which are derived from polytetrahydrofuran diol and
polyester diol, endow the polymer with excellent molecular
chain mobility, thereby laying a solid foundation for segment
migration under hot-water conditions. Meanwhile, the carba-
mate moieties within the hard segments serve as physical
cross-linking sites, which effectively boost the toughness and
impact resistance of the material. Simultaneously, the polar
groups in these segments strengthen the interfacial adhe-
sion and substrate compatibility via robust van der Waals in-
teractions and hydrogen bonding with diverse substrate sur-
faces. Furthermore, the incorporation and compositional op-
timization of polar acrylate monomers further regulate the
cohesive energy of the adhesive system as well as its surface
wettability and interfacial adhesion toward substrates, there-
by achieving synergistic enhancement of both cohesive and
adhesive properties. The structure-property relationships that
govern the composition, bonding performance, mechanical
properties, and hot-water peel efficiency of UV-curable adhe-

sives were systematically investigated via a combination of
experimental studies and molecular dynamics simulations.
The as-prepared adhesive exhibited superior interfacial adhe-
sion strength on diverse substrate surfaces, coupled with ex-
cellent peelability and reusability, thereby achieving an opti-
mal balance between robust interfacial bonding strength and
efficient peelability. This study proposes a versatile and scal-
able strategy for the rational design of high-performance
functional adhesives, which not only provides novel struc-
tural design insights for hot water-peelable UV-acrylate adhe-
sives, but also paves the way for advancing their practical ap-
plication in electronic product recycling and sustainable man-
ufacturing.

EXPERIMENTAL

Materials

Dicyclohexylmethane-4,4"-diisocyanate (HMDI), stannous oc-
toate, and tetrahydrofurfuryl acrylate (THFA) were purchased
from Shanghai Aladdin Biochemical Technology Co. Ltd.
Tetrahydrofurfuryl acrylate (HEA), N,N-dimethylacrylamide
(DMAA), isobornyl acrylate (IBOA), 2,2-dimethoxy-2-phenylace-
tophenone (651), and diphenyl (2,4,6-trimethylbenzoyl) phos-
phine oxide (TPO) were purchased from Shanghai Macklin Bio-
chemical Co., Ltd. Polyester diol (5-1011-35) and polytetram-
ethylene ether glycol (PTMG2000) were purchased from Badis-
che Anilin-und-Soda-Fabrik. All other reagents were of analyti-
cal grade and were utilized as received without additional pu-
rification.

Synthesis of PM1

Briefly, PTMG (0.2 mol, 200 g) and $-1011-35 (0.1 mol, 100 g)
were added into a 250 mL three-necked flask, followed by vacu-
um drying at 120 °C for 2 h to eliminate residual moisture. After
cooling to 70 °C, HMDI (0.315 mol, 82.64 g) was added dropwise
to the three-necked flask, followed by continuous stirring for 30
min. Subsequently, stannous octoate was added dropwise into
the flask, and the temperature was increased sequentially to 90
°C and further to 100 °C with continuous stirring maintained for
2 h. After cooling to 90 °C, HEA (0.33 mol, 38.32 g) was added to
conduct end-capping of the residual isocyanate groups, and the
mixture was stirred for an additional 1 h, yielding the UV-cur-
able resin (designated as PM1). Finally, the PM1 resin was cooled
to 60 °C, followed by the addition of IBOA as the solvent, and
the mixture was continuously stirred for 1 h to yield a PM1
resin/IBOA hybrid component with an IBOA mass fraction of
10.60 wt%.

Fabrication of UV-curable Adhesives

A 250 mL three-necked flask was charged with a mixture of
PM1/IBOA (20-50 g), THFA (30 g), DMAA (020 g), photoinitia-
tor 651 (2.5 g), and photoinitiator TPO (2 g). The resultant mix-
ture was magnetically stirred at 25 °C for 3 h under a nitrogen
atmosphere to ensure homogeneity and subsequently trans-
ferred to a brown vial for sealed storage. With the other compo-
nents fixed, the naming convention of the adhesive formula-
tions is defined as follows: taking “30-10"as an example, 30 de-
notes the content of PM1/IBOA (30 g), and 10 represents that of
DMAA (10 g). The fabricated adhesive was exposed to a 365 nm
ultraviolet mercury lamp (521.89 mW/cm?) for 30 s to yield a UV-
cured film.
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Characterizations

Fourier transform infrared (FTIR) spectra were recorded on a
Nicolet Is10 FTIR spectrophotometer (Thermo Fisher, USA) in the
range of 500—4000 cm™', using KBr as the substrate. "H-NMR
spectra were obtained using an Advance Il 400 MHz NMR spec-
trometer (Bruker, Germany) with deuterated chloroform (CDCl5)
as the solvent. The molecular weight and dispersity (P) of the
samples were analyzed using a Waters 1500 gel permeation
chromatography with THF as the solvent. Thermogravimetric
analysis (TGA) was performed on a TGA 55 instrument, with
temperatures ranging from 20 °C to 800 °C at a heating rate of
10 °C/min. Lap shear, tensile, and peel strength tests were per-
formed on a CMT-4503 mechanical tensile testing machine
(SUST, China) at crosshead speeds of 50, 300, and 300 mm/min,
respectively (Refer to the Supporting Information for the de-
tailed testing procedure). The surface morphology and elemen-
tal distribution of the samples were studied using a Zeiss Gemi-
ni 300 field-emission scanning electron microscope (SEM).

RESULTS AND DISCUSSION

Characterization of the Adhesive Structure and
Properties

On-demand peelable UV-curable adhesives with superior bond-
ing strength were formulated using custom-synthesized difunc-
tional polyurethane acrylate (PM1) as the crosslinker and blend-
ed with complementary acrylate monomers (Fig. 1). As shown in
Fig. 1(a), the novel PM1 resin was synthesized using polyester
diol (S-1011-35), polytetrahydrofuran diol (PFTMG2000), dicyclo-
hexylmethane diisocyanate (HMDI), and 2-hydroxyethyl acry-
late (HEA) as raw materials, with isobornyl acrylate (IBOA) as the
reactive diluent. Under the catalytic influence of tin octoate, a
nucleophilic addition reaction occurs between the —OH groups
in the diols and the —NCO groups in HMD], resulting in the for-
mation of carbamate groups. The reaction terminates with
monofunctional hydroxyethyl acrylate (HEA), which introduces
double bonds as reactive sites for subsequent UV curing of the
adhesive. Finally, the reactive UV monomer IBOA was incorpo-
rated as a solvent to reduce the viscosity of PM1, thereby facili-
tating the subsequent adjustment and optimization of the ad-
hesive formulation (Fig. 1b). A UV-curable adhesive system was
successfully fabricated by integrating the as-synthesized difunc-
tional PM1 resin/IBOA hybrid component with N,N-dimethy-
lacrylamide (DMAA) and tetrahydrofurfuryl acrylate (THFA)
monomers. As illustrated in Fig. 1(c), upon UV curing,
polyurethane acrylate (PM1) serves as a crosslinker to construct
a robust yet flexible crosslinking network, which ensures excel-
lent cohesive strength, whereas its soft segments derived from
polytetrahydrofuran diol and polyester diol endow the network
with superior molecular chain mobility. Additionally, the incor-
poration of polar acrylate monomers enables the construction
of a network of non-covalent interactions (e.g., hydrogen bonds)
between molecular chains while simultaneously improving the
surface wettability and substrate interfacial adhesion of the ad-
hesive, thus achieving synergistic enhancement of its cohesive
and adhesive properties.

The chemical structures of the as-synthesized PM1 and the
corresponding monomer precursors were fully elucidated via
FTIR and "H-NMR spectroscopy. As depicted in Fig. 2(A), the
characteristic bands at 3417, 3471, and 3503 cm™' are at-

tributed to the O—H stretching vibrations of the hydrox-
yethyl acrylate (HEA), polytetrahydrofuran ether diol
(PTMG2000), and polyester diol (S-1011-35), respectively. The
bands at 2931 and 2871 cm-' were assigned to the asymmet-
ric and symmetric stretching vibrations of the methylene
groups in both the as-synthesized PM1 and its corresponding
monomer precursors, respectively. Meanwhile, the distinct
band at 1733 cm~' corresponds to the asymmetric stretching
vibration of the ether linkage. The FTIR spectrum of bicyclo-
hexylmethane diisocyanate (HMDI) exhibited a characteristic
peak at 2243 cm~! corresponding to the N=C=0 group. In
the spectrum of the as-synthesized PM1 resin, the peaks at
3329 and 1724 cm™! indicate N—H stretching and C=0
stretching, respectively. The disappearance of the isocyanate
peak at 2243 cm~! and the presence of the N—H stretching
peak at 3329 cm~' confirmed the successful synthesis of
PM1.29-311 TH-NMR spectroscopy was used to further verify
the chemical structure of the as-prepared PM1 resin. As
shown in Fig. 2(B), three distinct new peaks at 5.87, 6.19, and
6.46 ppm were observed, which confirmed the successful in-
corporation of double bonds into the chain structure of the
PM1 resin. These results prove the successful synthesis of the
PM1 resin. The molecular weight (M,,) and dispersity (D) of the
as-synthesized PM1 resin were 1.23x10% g/mol and 1.60, re-
spectively (Fig. S1 in the electronic supplementary informa-
tion, ESI). Furthermore, TGA revealed that the PM1 resin un-
derwent 5% weight loss (Tyse,) at temperatures above 275 °C,
demonstrating its excellent thermal stability (Fig. 2C).

The as-synthesized difunctional PM1, upon blending with
complementary acrylate monomers and subsequent UV cur-
ing, yields the target adhesives. The photocuring kinetics, mi-
cro-mesostructures, thermal properties, and rheological be-
haviors of the resultant adhesives were systematically charac-
terized and analyzed. The conversion rate of C=C double
bonds was calculated from the FTIR spectra recorded at dif-
ferent curing times (Fig. S2 in ESI). The characteristic peak of
the C=C double bonds at 808 cm~! gradually diminished
with prolonged curing time and nearly vanished completely
at 10 s, demonstrating full curing of the copolymer. Further-
more, integration area calculations revealed that the C=C
double bond conversion reached 98.75% after 8 s of UV irradi-
ation and approaches100% at 10 s. As illustrated in Fig. S3 (in
ESI), the precursor PTMG2000 displayed distinct crystalline
diffraction peaks. In contrast, only a broad amorphous halo
was detected for the corresponding cured adhesives. This
phenomenon can be ascribed to the introduction of reactive
diluents, which exert a “solvation-like effect” on PTMG2000
chains via intermolecular interactions (e.g., van der Waals
forces and hydrogen bonding), thus inhibiting the aggrega-
tion and ordered alignment of crystalline segments in
PTMG2000 chains. Moreover, subsequent crosslinking an-
chors the PTMG2000 chains between adjacent crosslinking
nodes, which further impedes the mobility and ordered ar-
rangement of the molecular chains, ultimately leading to the
predominance of the amorphous phase in the polymer.l>2
Meanwhile, TGA analysis revealed that the Tysq, of all adhe-
sive samples exceeded 220 °C, demonstrating their excellent
thermal stability and broad temperature adaptability for prac-
tical applications (Figs. S4a and S4b in ESI). Furthermore, the
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Fig.1 Molecular structure (a) and synthetic route scheme (b) of the PM1 resin; (c) Schematic diagram of the curing mechanism and intermolecular
chain interactions of the UV-curable adhesive.
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Fig. 2 (A) FTIR spectra and (B) 'H-NMR spectra of the as-
synthesized PM1 and its corresponding monomer precursors; (C)
Thermogravimetric analysis (TGA) and derivative thermogravimetry
(DTG) curves of PM1.

glass transition temperatures (Tg) of the adhesive films
ranged from 18 °C to 41 °C, and their storage modulus re-
mained substantially higher than the loss modulus over a
broad temperature range, demonstrating that these adhe-
sives can maintain their elastic state over a wide temperature
range (Figs. S4c and S5 in ESI). A high loading of PM1 resin
leads to a lower T, of the adhesive, which is attributed to the
high chain flexibility of the polyether diol or polyester diol
soft segments in PM1. The incorporation of DMAA into the
adhesive formulation leads to a remarkable elevation in the
Ty of the adhesive, which is attributed to the strong polar
amide groups (—CO—NH—) in DMAA, which substantially

enhance intermolecular chain interactions and reduce free
volume, thus impairing the mobility of molecular chains.33:34
Moreover, the rheological properties of the adhesives were
characterized via frequency and strain sweep rheological
tests (Fig. S6 in ESI). Across the entire frequency range, the
storage modulus of the adhesives remained consistently
higher than the loss modulus, indicating the solid-like charac-
teristics and excellent elastic behavior of all the adhesives un-
der external stimuli. Upon the incorporation of DMAA, both
the loss and storage moduli were enhanced, which can be as-
cribed to the strengthened non-covalent interactions be-
tween the molecular chains. In the strain sweep test, the stor-
age modulus remained higher than the loss modulus at a
strain amplitude of approximately 10%, demonstrating the
structural integrity of the adhesive network and reversibility
of the induced deformation. However, as the strain contin-
ued to increase, the adhesive films (e.g., 30 and 50-10) featur-
ing extremely low or high crosslinking density and inter-
molecular chain interactions transitioned from the linear vis-
coelastic region at small strains to the nonlinear region at
large strains, accompanied by a concomitant decline in the
storage modulus. This is primarily attributed to irreversible
molecular chain slippage under large strains or destruction of
the cross-linked microstructure induced by low molecular
chain mobility and insufficient stress energy.353¢1 Notably,
adhesive films (e.g., 30-10) with a tailored molecular chain
network structure exhibit high structural stability, where the
molecular chains and crosslinking sites maintain elastic re-
sponses without fracture or irreversible flow even at relative-
ly high strains (e.g., 2100%), which is consistent with their ex-
cellent combination of peelability and high interfacial adhe-
sion, as elaborated subsequently (Fig. S6 in ESI).

Effect of PM1 Resin and DMAA Content on the
Adhesive Properties

The bifunctional PM1 resin synthesized herein features a dis-
tinct soft-hard segment chain architecture, which plays a piv-
otal role in endowing the resultant adhesive with a tailored
crosslinking network and excellent stress dissipation capability.
To investigate the effect of PM1 resin content on adhesive prop-
erties, a fixed amount of THFA (30 g), photoinitiator 651 (2.5 g),
and TPO (2 g) were incorporated into the adhesive formulation.
The as-prepared PM1 resin exhibited a relatively high viscosity,
which impaired the processability of the optimized adhesive
formulation. As detailed in the EXPERIMENTAL section, PM1
resin was employed in the form of PM1/IBOA blends for the
subsequent formulation design. The shear strength, stress-strain
behavior, toughness, and peel strength of the adhesive were
systematically evaluated as a function of the added content of
the PM1/IBOA blends (Figs. 3a—3d). As shown in Fig. 3(a), the
shear strength of the as-prepared adhesives ranges from 3.12
MPa to 3.81 MPa, which was dominated by intermolecular inter-
actions between the functional groups of the adhesives and the
substrate surface at the interface. However, at low loading lev-
els of PM1 resin (e.g., 10 and 20 g), the resultant adhesive exhib-
ited low crosslinking density and cohesive energy, leading to
cohesive failure with residual adhesive remaining on the sub-
strate surface after peeling at room temperature (Table S1 in
ESI). With the gradual increase in PM1 resin content, the tensile
strength and elongation at break of the adhesive films in-
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creased sequentially to 7.60 MPa and 185.34%, respectively,
which is attributed to the enhanced crosslinking density of the
adhesive system and the improved toughness derived from the
unique soft-hard segment structure of PM1 (Figs. 3b and 3c).
Notably, the peel strength of the adhesives progressively de-
creased with increasing PM1 content (Fig. 3d). This is attributed
to the absence of cohesive failure during peeling, which ren-
ders interfacial adhesion (i.e., adhesive tackiness) the dominant
determining factor. As previously noted, the high viscosity of
PM1 compromises the wetting capacity of the adhesive on the
substrate surface, thereby impairing the ultimate peel strength
(Table S1 in ESI). The synergistic balance between cohesive en-
ergy and interfacial adhesion endows the adhesive with excel-
lent peelability. Considering the integrated effects of PM1 on
shear strength, stress-strain behavior, and peel strength, PM1-30
and PM1-50 were selected for further investigation to elucidate
the impact of DMAA content on adhesive performance.

It is well established that the adhesion of adhesives to sub-
strate surfaces proceeds via two pivotal steps: wetting and in-
termolecular force formation. Notably, adhesive viscosity
plays a critical role in governing both the application process-
ability and ultimate bonding performance. Accordingly, the
incorporation of the polar reactive diluent DMAA into the ad-
hesive formulation not only reduced the adhesive viscosity
and enhanced the substrate wettability, but also simultane-
ously boosted the cohesive energy and interfacial bonding
strength of the adhesive. To elucidate the effect of the DMAA
content on adhesive performance, adhesive formulations

were prepared with fixed loadings of PM1/IBOA (30 or 50 g),
THFA (30 g), photoinitiator 651 (2.5 g), and TPO (2 g). As
shown in Figs. 3(e)-3(m), the lap shear strength, tensile
strength, elongation at break, and peel strength of the adhe-
sive exhibited a consistent upward trend with increasing
DMAA content. This performance enhancement stems from
the incorporation of polar DMAA, which reinforces inter-
molecular chain interactions and interfacial bonding with the
substrate while concurrently increasing the cohesive energy
and interfacial adhesion energy of the adhesive system.37-421
At a DMAA content of 10 g in the adhesive formulations, the
resultant system achieved an optimal balance of mechanical
properties, interfacial bonding strength, and peelability
(Tables S2 and S3 in ESI). For the adhesive formulation with
PM1/IBOA of 30 g (30-10), the shear strength, tensile strength,
and elongation at break reached (5.06+0.27) MPa, 12.80 MPa
and 313.70%, respectively. For the adhesive formulation with
PM1/IBOA of 50 g (50-10), the shear strength, tensile strength,
and elongation at break reached (4.41+0.38) MPa, 9.52 MPa
and 281.53%, respectively. Additionally, the fatigue resis-
tance of the as-prepared adhesives was characterized by sub-
jecting 30-10 and 50-10 adhesive films to 20 loading-unload-
ing cycles at a constant strain of 200% (Fig. S7 in ESI). A pro-
nounced hysteresis appeared in the first cycle, which arose
from the dissociation of the dynamic interchain hydrogen
bonds within the adhesive elastomer. With further cycling,
the hysteresis loop area decreased progressively and then
plateaued, whereas the peak stress remained stable over mul-
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tiple cycles, demonstrating excellent fatigue resistance, likely
arising from a more uniform crosslinked network structure.
Furthermore, the resultant adhesives (30-10 and 50-10) exhib-
ited excellent peelability after immersion in hot water at 60
°C, with no adhesive residues remaining on the substrate sur-
face. Ultimately, adhesive formulations designated as 30-10
and 50-10 were identified as the optimal candidates for sub-
sequent bonding performance evaluations.

Peelable Performance of the Adhesives

To systematically characterize and evaluate the peelable perfor-
mance of the as-prepared adhesives, systematic peel strength
tests were conducted to assess their peelability under ambient
temperature conditions and after hot water immersion treat-
ment. As depicted in Fig. 4(a), the peel strength of the adhesive
on the glass substrate exhibited a gradual decline with increas-
ing PM1 content in the formulation during room-temperature
peel tests; however, the substantial adhesive residues observed
at PM1 dosages of 10 and 20 g failed to meet the strict require-
ments for industrial applications. Notably, after immersion in 60

3059

°C hot water for 3 min, all adhesives exhibited a significant de-
crease in peel strength, demonstrating excellent peelability,
with no adhesive residue remaining on the glass substrate sur-
face (Table S1 in ESI). To further investigate the effect of the
DMAA content on the peel performance of the adhesive, peel
tests were conducted at room temperature with a fixed content
of PM1/IBOA maintained at 30 g (Fig. 4b). The results showed
that peel strength increased significantly with the incorporation
of DMAA; however, the adhesive exhibited residue on the glass
substrate. Specifically, cohesive failure occurred in the room-
temperature peel test, and substantial adhesive residue was ob-
served on the glass substrate when the DMAA content reached
10 g, whereas the adhesive became unpeelable under the same
testing conditions as the DMAA content increased to 20 g
(Table S2 in ESI). Meanwhile, when the DMAA content did not
exceed 10 g, the adhesive exhibited a sharp decline in peel
strength after a 3 min immersion in 60 °C hot water, thus
achieving excellent peelability with no adhesive residue re-
maining on the glass substrate. This result further validates that
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adhesive formulation 30-10 represents the optimal candidate,
simultaneously endowed with exceptional peelability and ro-
bust interfacial adhesion to the substrate. When the PM1/IBOA
content in the adhesive system was increased to 50 g, the
crosslinking density of the cured adhesive network was signifi-
cantly enhanced, thereby leading to a corresponding increase in
the cohesive strength. As depicted in Fig. 4(c), with a gradual in-
crease in DMAA content, the peel strength of the adhesive in-
creased correspondingly; notably, the adhesive achieved an un-
peelable state when the DMAA content reached 20 g (Table S3
in ESI). Similarly, the adhesive system (PM1/IBOA: 50 g) exhibit-
ed the optimal comprehensive performance in terms of me-
chanical strength, interfacial bonding strength, and hot-water
immersion-assisted peelability when the DMAA content was 10
g. Adhesive formulations 30-10 and 50-10 were selected as
model systems to further evaluate their peelable property un-
der hot water immersion-assisted conditions (Figs. 4d—4q). As il-
lustrated in Figs. 4(d) and 4(f), the peel strength of the adhesive
decreases remarkably with an increase in the hot water immer-
sion temperature, demonstrating excellent peelability. To guar-
antee residue-free detachment and satisfy the stringent de-
mands of practical industrial applications, a hot-water immer-
sion temperature of 60 °C was identified as the optimal process-
ing condition. Furthermore, the effect of the hot water immer-
sion duration on the peelability of the adhesive was systemati-
cally investigated. As depicted in Figs. 4(e) and 4(g), the peel
strength of the adhesive decreased by as much as 60% after im-
mersion in hot water at 60 °C for only 1 min. Consequently, the
adhesive could be completely peeled off the glass substrate
without any residual adhesive remaining (Fig. S8 in ESI). No-
tably, the peel strength of the adhesive gradually decreased
with increasing impregnation time. Considering the require-
ments for sufficient peelability and operational efficiency, an im-
pregnation duration of 3 min was selected as the optimal condi-
tion. The experimental results demonstrate that adhesive for-
mulation 50-10 exhibits excellent peelability with no residual
traces left, even after a short immersion of only 30 s in 20 °C
warm water. This superior performance was attributed to the el-
evated loading of PM1, which effectively reinforced the cohe-
sive strength of the adhesive matrix.**¥ As a result, the adhe-
sive enables reliable, residue-free peeling under synergistic con-
ditions of low temperature and short immersion duration, thus
satisfying the stringent application requirements of specific ex-
treme operating environments.

Molecular Dynamics Simulation Analysis

It is well established that the interplay between adhesive
strength and peelability represents an intrinsic trade-off in ad-
hesive performance. To achieve robust adhesion while retain-
ing satisfactory peelability, the precise modulation of the inter-
nal cohesiveness of the adhesive is of paramount importance.
The peel force (Fuee) can be divided into vertical (Fiyee) and hori-
zontal (F'pee) components. The F.q is largely governed by the
interfacial bonding strength between the adhesive and the sub-
strate, whereas F'y is is predominantly correlated with the co-
hesive strength (i.e., cohesive energy) of the adhesive.*” For on-
demand peelable adhesives, a moderate interfacial adhesion
strength is required to satisfy practical application demands,
whereas sufficient tensile strength and toughness must be en-
sured to avoid cohesive failure during the peeling process.

Taking adhesive 30-10 as a model system, molecular dy-
namics simulations were employed to investigate the cohe-
sive energy density (CED) of the adhesive network and its in-
terfacial interaction with the glass substrate (Figs. 5a—5f).
Herein, the ball-and-stick molecular models of HMDI,
PTMG2000, S-1011-35, HEA, DMAA, IBOA, and THFA were
constructed and fully optimized using Materials Studio soft-
ware. The polyurethane acrylate resin PM1 features a soft seg-
ment comprising 12 repeating units of PTMG2000 and four
units of S-1011-35. A polymeric adhesive network was con-
structed via random copolymerization of the PM1 resin with
the monomers DMAA, IBOA, and THFA. To construct the
amorphous cell, a confined layer cell with a density of 1.0
g/cm3 was adopted, coupled with the Compass Il force field.
Five molecular chains were included to calculate the cohe-
sive energy of the polymer chains and their binding energy to
the glass substrate, resulting in a ball-and-stick model with an
approximate molecular weight of 6700. The model under-
went geometric optimization through 25 annealing cycles, in-
volving linear heating from 300 K to 800 K and cooling back
to 300 K. The total simulation time under the NPT ensemble
in one atmosphere was 40 ps (Figs. 5a—5c). Upon attaining a
structurally optimized conformation, the CED of the polymer
was calculated via the Forcite Cohesive Energy Density mod-
ule, with the simulation parameters set to ultrafine quality
and atomic charges assigned using the Compass il force field.
To establish an interaction model between the adhesive net-
work and glass substrate, the glass substrate was modeled as
a pristine SiO, structure with the energy-minimized polymer
model placed atop it. The system was first subjected to geo-
metric optimization, followed by dynamic equilibration via
the Forcite module, with all optimization parameters held
constant throughout the process. The dynamic simulation
was conducted at 333 K under the NVT ensemble for 40 ps,
again using ultrafine quality settings and the Compass llI
force field. Figs. 5(a)-5(c) illustrate the interaction between
adhesive 30-10 and the SiO, substrate over time, with the
output results after 40 ps of dynamic simulation. The total en-
ergies of the system, network model, and glass model were
computed via the Forcite Calculation Energy module, yield-
ing an interaction energy of Einteraction = LEtotal — (Esurface +
Epolymer) = —452.133 kcal/mol. Moreover, as shown in Figs.
5(d)-5(f), the cohesive energy densities for the adhesive with-
out resin PM1, resin PM1, and adhesive 30-10 were calculated
as 9.70x106, 1.11x108, and 2.29x108, respectively. Meanwhile,
as depicted in Figs. 5(g)-5(j), hydrogen bonding interactions
exist between the comonomer units and PM1 resin chain seg-
ments and among the PM1 resin chain segments in the adhe-
sive system, as visualized via Materials Studio software (Table
S4 in ESI). This result further confirms that the incorporation
of the as-synthesized PM1 resin can significantly enhance the
cohesive energy of the adhesive, thereby improving its peela-
bility.

Adhesive Strength on Different Substrates

The as-prepared adhesive exhibited excellent cohesive strength
and interfacial bonding strength, along with favorable peelabili-
ty and recyclable bonding performance, outperforming previ-
ously reported adhesives (Fig. S9 in ESI).*°=>3] As shown in Fig.
6(a), the adhesive was subjected to hot-water immersion-assist-
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ed peeling, followed by drying to remove residual water, and
then thermally rebonded to the glass substrate for reuse. The
rebonded adhesive exhibited excellent bonding strength, veri-
fying its outstanding recyclability. Notably, the adhesive exhibit-
ed a certain degree of enhancement in bonding strength on the
glass substrate surface after cyclic utilization under different
heat treatment conditions compared with its initial UV-cured
state. This phenomenon can be attributed to the fact that heat-
induced treatment facilitates the rearrangement and optimiza-
tion of the adhesive network structure, improves the wettability
of the adhesive molecular chains on the substrate surface, and
simultaneously mitigates the adverse effects of interfacial stress
caused by UV curing shrinkage. Furthermore, the adhesive ex-
hibited excellent bonding strength on the surfaces of various
substrates, including poly(ethylene terephthalate) (PET),
poly(methyl methacrylate) (PMMA), glass, steel, aluminum (Al),
and epoxy-based composite plates (FR4). As shown in Fig. 6(b),

the shear strengths of adhesive 30-10 on PMMA, glass, steel, Al,
and FR4 are 8.49, 5.06, 3.10, 3.92, and 4.07 MPa, respectively. No-
tably, adhesive 30-10 exhibits excessively high bonding
strength on the PET surface, which resulted in substrate fracture
during the test. Similarly, the shear strengths of adhesive 50-10
on PET, PMMA, glass, steel, Al, and FR4 were 6.66, 441, 4.42,
2.15,1.56, and 3.61 MPa, respectively. Interestingly, adhesive 30-
10 exhibited a remarkable load-bearing capacity of over 20 kg
when bonded to a glass substrate with a bonding area of 25
mm X 2 mm (Fig. 6¢). Furthermore, cross-sectional SEM images
and the corresponding SEM-EDS elemental mappings of the 30-
10 adhesive film revealed the absence of bubbles and other de-
fects within the film, along with a homogeneous distribution of
C, N, and O elements across the cross-section (Fig. 6d). These re-
sults demonstrate excellent compatibility among the various
components of the adhesive as well as superior film-forming
performance.
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mappings of the adhesive 30-10 film.

CONCLUSIONS

In summary, on-demand peelable UV-curable adhesives with
excellent bonding strengths were successfully fabricated via ra-
tional molecular engineering of cohesion-adhesion synergy. The
peelable adhesive formulation was composed of custom-syn-
thesized difunctional polyurethane acrylate and the corre-
sponding complementary acrylate monomers. The difunctional
polyurethane acrylate forms a robust, adaptable cross-linked
network with high cohesive strength, and its soft segments en-
dow the network with excellent molecular chain mobility and
efficient stress dissipation. Furthermore, optimizing polar acry-
late monomers precisely tailors the cohesive energy, surface
properties, and interfacial adhesion of the system, achieving a
synergistic enhancement in both cohesion and adhesion. The
optimized adhesive achieved high shear strength (>5 MPa on
glass substrates) and excellent peelability, enabling residue-free
debonding within 3 min of immersion in water at 60 °C. The as-
prepared adhesive exhibited excellent recyclable bonding per-
formance, along with outstanding adhesive properties on the
surfaces of various substrates. By rationally designing polymer
architectures, this study presents a facile fabrication strategy for
high-strength peelable adhesives and provides novel mecha-
nistic insights, thereby advancing the recycling of electronics
and sustainable manufacturing.
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