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Abstract

Reversible adhesives that can be debonded and reused on demand are essential for next-generation
sustainable electronics assembly, biomedical devices, and soft reconfigurable systems. Liquid crystal
elastomer (LCE) exhibits dynamic adhesion leveraging their thermomechanical responsiveness and
tunable bulk rheological behaviour. However, existing LCE adhesives often require extended contact
period or thermal annealing to attain sufficient tack, which significantly limits their broader application.
Here, we present a scalable chain-transfer reaction strategy using commercially available agents to
directly regulate the viscoelastic properties of LCEs. This approach enables an ‘ideal’ pressure-sensitive
adhesive (PSA), satisfying the Dahlquist criterion without any tackifier or thermal conditioning while
maintaining the excellent reversibility. The resulting LCEs exhibit a low glass transition temperature (-
11°C) and a storage modulus of 0.1 MPa at room temperature. They also display strong adhesion owing
to their exceptional viscoelastic dissipation, with a peak loss factor (tan 6) of 1.85 and a broad high
damping plateau (tan & = 0.91) within the nematic phase. Remarkably, both the peel and tack strengths
remain comparable before and after annealing, outperforming conventional LCE-based adhesives that
depend on time- or heat-assisted wetting. This work provides a new design strategy for high-
performance, debondable, and reusable adhesives, paving the way for more sustainable and smart
adhesive technologies.

Introduction

Polymer adhesives play a crucial role across diverse sectors, from industrial manufacturing to everyday
consumer products’?. Their large usage volume significantly impacts both economic efficiency and
environmental sustainability®. Amongst these materials, pressure-sensitive adhesives (PSAs) represent
a unique class of lightly crosslinked polymers that are permanently tacky at room temperature, enabling
firm adhesion to a variety of surfaces with only light fingertip pressure®. This property makes them
widely used in household, medical tapes, electronic devices, packaging, and automotives applications®®.
However, most PSAs remain difficult or impossible to be reused or recycled due to surface
contamination, adhesion fatigue after detachment and their permanently covalent crosslinked molecular
structures’8. Current end-of-life strategies often involve energy-intensive chemical recycling processes

requiring harsh solvents or environmentally unsustainable landfilling practices®.

Reversible PSAs, designed to release adhesion on demand through environmental stimuli, provides

opportunities for multi-use applications and contributes to reducing unrecyclable plastic waste'?. Such

adhesives have shown great potential in robotics, wearable devices and manufacturing assembly’"12. A

wide range of strategies have been developed to engineer adhesives that can detach on demand,
including dynamic covalent chemistries, photo-isomerisation, supramolecular interactions, or
hierarchical surface designs'3~17. While each of these approaches offers useful switching behaviours,
many depend on intricate chemistry or sophisticated surface and interface architectures that limit
scalability and often lead to cyclic adhesion deterioration.
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Liquid crystal elastomers (LCEs) offer a fundamentally different and compelling route owing to their
enhanced energy dissipation, reversible bulk viscoelasticity, and phase-dependent adhesion'®. As a class
of loosely crosslinked polymeric material, LCEs integrate rubber elasticity of polymer networks with the
orientational order of liquid crystals'®=2'. Traditionally, LCEs have been regarded as versatile,
multifunctional reversible actuating materials, yet recent studies by Terentjev and coworkers have
uncovered their potential for reversible adhesion??~2°. The concept of adhesion reversibility is assumed
to be governed by the nematic-isotropic phase transition?®. The observed dynamic adhesion originates
from the substantial viscoelastic contrast between two phases — specifically, a high loss factor (i.e. tan
8) in nematic phase and a reduced loss factor in the isotropic phase?®. In particular, the elevated energy
dissipation observed in the nematic phase arises from the internal rearrangement of liquid crystal
molecules coupled with friction and entanglement of polymer chains. This synergy produces remarkably
high tan 6 at room temperature, often exceeding 1, far above those of conventional viscoelastic
systems?’?8. Once the liquid-crystal ordering collapses in the isotropic phase, this dissipation

mechanism largely disappears?®. As the field continues evolving, substantial efforts have been
dedicated to improving adhesion strength, investigating the mechanism, and exploring multi-signal
responsiveness30732,

However, despite these advances, a major practical constraint still prevents LCE reversible adhesives
from achieving broader real-world adoption. Nearly all reported LCE systems require extended contact
time or annealing to soften the network and allow sufficient wetting before strong adhesion develops.
This necessity originates from the inherently high modulus of conventional LCEs, typically ~ 10 MPa,
caused by rigid mesogens that are placed in the main chain LCE networks or high crosslink density. In
order for LCEs to function as ‘ideal’ PSAs without pre-treatment, LCEs must instead satisfy the Dahlquist
criterion: a glass transition temperature (7,) below 0°C and a rubbery storage modulus (£) below 0.3

MPa at 1 Hz33. While our group recently demonstrated that side-chain siloxane LCE adhesives can meet
this requirement and deliver strong, reversible adhesion, the siloxane route relies on customised
mesogen synthesis that limits accessibility and scalability®.

Acrylate-based materials dominate the commercial PSAs market, accounting for approximately 60-70%
of total production®®. Their broad adoption arises from the cost-effective starting materials, superior

adhesive performance, and ease of processability>>. The wide range of available acrylate monomers
also provides flexibility in tailoring mechanical, optical, chemical, and thermal properties. In addition,
most acrylate monomers are typically low-viscosity liquid that mix easily with initiators, crosslinkers, and
additives. They polymerise efficiently via free-radical mechanisms, enabling rapid curing through thermal,
redox, or UV initiation. However, translating acrylate chemistry into LCE-based PSAs is challenging.
Radical polymerisation of acrylate-based mesogens typically produces glassy liquid-crystalline polymer
networks with high T, (= 50-100°C) and high £'(= 10-100 MPa), far above the Dahlquist criterion for
‘ideal’ PSA performances. Meeting this criterion must require substantially lowering the crosslink density
of these highly crosslinked networks. The most effective approach to reducing crosslink density in
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acrylate system is the use of chain transfer agents (CTAs) such as mercaptans (i.e. thiols), Living Free-
Radical Polymerisation by Reversible Addition-Fragmentation Chain Transfer (RAFT), cobalt compounds,
or carbon tetrachloride agents3®~38. Among these, thiols-based CTAs have proven particularly effective
in modulating the crosslink density of acrylate-based LCEs, which has been successfully applied for
actuators3®™41,

Here, we present a simple, robust, scalable chain transfer-controlled approach that enables the first
reversible acrylic-based LCE adhesives to satisfy the Dahlquist criterion. Using commodity mesogens
(RM257) and straightforward photopolymerisation, we incorporate 2,2-(ethylenedioxy)diethanethiol
(EDDT) as a CTA to regulate network structure, reducing the crosslink density, and therefore, lowering
modulus while preserving the intrinsic reversible viscoelastic behaviour of LCEs. Unlike conventional
thiol-acrylate click chemistry, where thiol participates in step-growth polymerisation, here dithiols
terminate the growing chain and initiate a new chain propagation. By systematically optimising the
monomer-to-CTA ratio, the resulting LCEs achieve a T, of ~-11°C and a room-temperature storage
modulus of 0.1 MPa, meeting the Dahlquist criterion while enabling immediate, annealing-free tack.
Furthermore, the LCEs display an exceptional loss factor (tan 6) of ~ 1.85 at T, and maintain a high tan &
of 0.91 in the nematic phase, consistent with strong viscoelastic adhesion. Overall, this work establishes
a practical and accessible route to high-performance, reversible acrylic-based LCE adhesives, paving the
way towards more sustainable and reusable PSA technologies.

Experimental
2.1. Materials

1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene, (RM257) was purchased from
Chemfish. Ltd. 2,2-(ethylenedioxy)diethanethiol (EDDT) and 2,2-Dimethoxy-2-phenylacetophenone
(Irgacure 651, i651), and toluene were purchased from Sigma-Aldrich and used as received.

2.2. Preparation of liquid crystal elastomer

The liquid crystal elastomer was synthesised via a chain transfer reaction approach, as illustrated in

Fig. Ta. RM257 was first dissolved in toluene (30 wt.%) at 85°C in oven. Subsequently, T wt.% of i651 was
added to the RM257 solution. Various molar ratios of RM257 and EDDT (1:1, 1:1.5, and 1:2) were
employed, with EDDT serving as the chain transfer agent. The resulting mixture underwent vigorous
mixing using a Hauschild Speed Mixer (800 rpm for 10 s and 2000 rpm for 120 s) under vacuum for
degassing.

2.3. Fabrication of LCE adhesive tapes

The prepared mixture was cast onto a plasma-treated polyethylene terephthalate (PET) film (23 pym, Hi-Fi
Industrial Film Ltd) to ensure strong interfacial bonding and mounted on a 75°C hot plate. The PET
backing film was plasma-treated using a Diener Plasma GmbH& Co. KG. The coating was performed
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with a Tape casting coater (MSK-AFA-IIl, MTI corporation) to achieve a thickness of ca. 400 pm, followed
by ultraviolet (UV) curing for 30 min. The coated films were then placed in an oven at 85°C overnight to
remove residual solvent. To prevent surface contamination, the exposed LCE adhesive layer was
protected with silicone release paper (backing paper from Avery labels). The final LCE adhesives tapes
exhibited a homogeneous polydomain structure with a thickness of ca. 250 pm.

2.4. Preparation of free-standing LCE samples

For free-standing films, the pre-crosslinked mixture was poured into a polytetrafluoroethylene (PTFE)
mould for anti-adhesion purpose and cured under UV light for 30 min, followed by solvent removal in an
85°C oven overnight.

2.5 Characterisations

Polarised optical microscopy (POM) was performed using an Olympus BX41 microscope to characterise
the birefringence of the LCE. The polariser and analyser were arranged at relative angles of 0° and 45°.

The Differential scanning calorimetry (DSC) was conducted using a TA instrument DSC Q200.
Approximately 10 mg of each sample was sealed in standard aluminum pans. The samples were heated
from room temperature to 100°C at a rate of 5°C min~", held isothermally for 5 min to erase thermal
history, then cooled to - 50°C at the same rate and held for another 5 min, followed by another heating
cycle from - 50°C to 100°C at the same rate. Data from the third heating cycle was used to determine the
glass transition temperature (Tg) and nematic-isotropic temperature (7).

Fourier transform infrared (FTIR) spectroscopy was performed on pre- and post-curing samples to
characterise the reaction rate using the Thermo Scientific Nicolet iS10 spectrometer, with 16 scans
recorded in the range of 4000-600 cm~". The peak of unreacted aromatic ring (band near 1600 cm-", C =
C stretching vibration within the benzene ring) was used as internal reference for normalisation.

The thermomechanical properties of the LCE (10 x 2 x T mm) were characterised by using a TA
Instruments DMAB850 in tension film mode. The temperature was ramped from - 100 to 150°C at a 2°C
min~" while the samples were oscillating at 0.02% strain at a frequency of 1 Hz. The storage modulus
(E), loss modulus (£”), and loss factor (tan 6 = E”/ E’) were continuously recorded throughout the
temperature sweep.

Gel fraction was determined by comparing the initial mass of each LCE formulation with the remaining
mass after solvent extraction. Rectangular specimens (10 x 2 x T mm) were immersed in toluene for 72
hours to remove soluble components. The extracted samples were then dried in an oven at 85°C
overnight and reweighed to obtain the insoluble fraction.

The 180° peel adhesion tests were conducted following the ASTM D3330 standard using a Tinius Olsen
ST1 tensiometer equipped with the appropriate clamping fixture. LCE adhesive tapes were tested both
with and without annealing to evaluate their pressure-sensitive adhesive performance. During testing, the
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tapes were peeled from the metal substrate at a constant rate of 300 mm min-". For elevated-
temperature measurements, the adhesive tapes were pre-heated on a hot stage to the designated
temperature prior to performing the same peeling procedure.

The probe tack testing protocol was adapted from previous studies®®. A spherical stainless-steel probe
(10 mm diameter) was mounted on a vertical dynamometer frame (Tinius Olsen). Before each test, the
probe was cleaned with acetone and brought into contact with the LCE adhesive layer, which was affixed
to a flat rigid substrate and secured with a bottom clamp. Upon reaching a contact load of - 0.5 N, the
probe was held in contact and allowed 300 s dwell time to ensure interfacial equilibration. It was then
withdrawn at a constant rate of 10 mm min~" while continuously recording the force.

Results and Discussion

The main goal of this study is to remove the need for extended contact time or annealing while
maintaining the reversible adhesion and maximising viscoelastic dissipation. Two key factors are
therefore considered, namely low room-temperature storage modulus and low glass transition
temperature. These parameters enable the LCE-based reversible adhesives to satisfy the Dahlquist
criteria, functioning as ‘ideal’ PSAs. In contrast to thiol-acrylate click chemistry*2, where thiols were
employed to initiate step-growth, here EDDT acts as a chain transfer agent during the radical
homopolymerisation of acrylate mesogens. The propagating acrylate radicals abstract hydrogen atoms
from EDDT, generating thiyl radicals while terminating the growing chain. These thiyl radicals
subsequently reinitiate polymerisation, producing new chain segments (Figure S1). As a result, the
incorporation of EDDT leads to shorter network strands, dangling chain ends, and a reduced effective
crosslink density, as schematically illustrated in Fig. 1a.

Two characteristic transition temperatures of LCE systems, namely 7, and T, of various formulations,
determined by DSC, are presented in Fig. 1b. Both 7, and T,,;decrease with increasing EDDT content.
Because the higher CTA proportion dilutes mesgenic packing, less thermal energy is required to disrupt
the molecular ordering*3. The wide temperature window between Tqand T, provides good flexibility and
adhesion performance for room-temperature applications. Due to the polydomain nature of the
synthesised LCEs, they appear opaque in the nematic phase (below T,,) owing to light scattering from
randomly oriented domains and refractive index anisotropy. Upon heating above T,,; the liquid crystal
molecules lose long-range orientational order and transition to the isotropic phase, yielding an optically
transparent film, as shown in Fig. 1c (retrieved from Movie S7). Their birefringence behaviour is further
confirmed by POM. An aligned, free-standing monodomain LCE adhesive appears dark when the director
is parallel to the analyser and bright when rotated to 45°, as shown in Fig. 1d. The LCE adhesives also
exhibit distinct phase-dependent adhesion, as demonstrated in Fig. 1e (retrieved from Movie S2). In the
nematic phase, the tackiness is sufficient to support a 500 g weight, whereas in the isotropic phase,
adhesion is lost without any external stress.
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Given the nature of the chain transfer reaction, two competing radical pathways coexist during
polymerisation3?4": (i) acrylic homopolymerisation, where propagating radicals extend the polymer chain
via C = C addition, and (ii) chain transfer to dithiol, where radicals abstract hydrogen from thiol groups,
terminating the current chain growth and generating a new thiyl radical. Understanding the kinetic
competition between them is crucial, as the resulting network architecture can strongly impact the
viscoelastic properties of the LCEs. Hence the FTIR is conducted on the pre- and post-polymerised LCEs
with varying mesogen to CTA ratios. Two characteristic peaks are monitored, namely vinyl = CH, bending

(~ 810 cm-") corresponding to acrylate mesogens, and the thiol -SH stretching (2550-2600 cm-")
corresponding the CTA. The spectra are normalised against aromatic C = C stretching peak at 1600 cm-",
which serves as an internal reference. As shown in Fig. 2a-c, the disappearance of the 810 cm~" peak
confirms the complete consumption of acrylate double bonds, whereas the persistence of the S-H band
indicates partial thiol conversion (~ 50%), independent of the feed ratio.

The limited thiol conversion, with no apparent dependence on the acrylic-thiol stoichiometry (Fig. 2d) is
in consistency with previous study*'. It is suspected to be associated with the different reaction
environments and monomer mobility. In this system, two competing reaction mechanisms are at play:
acrylate photopolymerisation and thiol-acrylate chain transfer. The acrylate polymerisation typically
proceeds at a faster rate compared to the chain-transfer process. In addition, at lower EDDT content (e.qg.
1:1 ratio), the system exhibits higher viscosity due to the dense packing of mesogenic monomers and
the nematic-phase ordering. Both contribute to restricting diffusion and reducing the probability of chain
transfer. However, increasing the concentration of thiol groups (e.g. 1:2 ratio) in the formulation with the
thiol functions partly as a flowable medium, enhances mobility and promotes more chain-transfer
events.

The intrinsic dynamic properties (i.e. viscoelasticity) play a crucial role in governing adhesive
performances. Three key indicators, such as T, storage modulus, the magnitude and the range of tan 6
must be considered when designing adhesives. In particular, 7, dictates whether an adhesive behaves
as structural adhesives or a PSAs, storage modulus governs the ability to deform and wet a surface, and
tan & controls viscoelastic energy dissipation and adhesion strength. The dynamic viscoelastic profiles
of the LCEs are characterised by DMA. Before discussing the results, the Dahlquist criterion is reiterated
here that ‘ideal’ PSAs require a T, below 0°C and a room-temperature storage modulus (£) below 0.3
MPa at THz.

In the glassy state (-100°C), all formulations exhibit similar storage modulus irrespective of the
RM257:EDDT ratio because the temperature is well below 7, and the stiffness is dominated by local
bond vibrations rather than network structure. Once the temperature exceeds 7, and the material enters

the rubbery phase, the influence of EDDT becomes pronounced. Higher EDDT content increases the
possibility of chain-transfer events, thereby reducing the effective crosslink density and lowering the £
The resulting network contains fewer chain constraints and a greater number of dangling ends, which
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collectively contribute to a decreased T, (Fig. 3a). The effective crosslink density is determined following

the below equations**4°;

G/ o Er

d= 2L .q' = 2
RT 2(1+w)

where d (mol cm™3) denotes the crosslink density per unit volume, G/ and E’ (Pa) represent the

shear modulus and rubbery modulus respectively, R (J K™ mol™ ') is the gas constant and T (K) is the
absolute temperature. v is the Poisson ratio and approximated as 0.5 because of the rubbery nature of
the LCE. Therefore, the equation can be simplified to:

Er
3RT

d=

To minimise the influence of the nematic-isotropic transition on rubbery modulus, E’ at100°Cis used,
which is well above both T, and T, As detailed in Table S1, the crosslink density of 1:2 formulation

(2.47x10™® mol cm™3) is two orders of magnitudes lower than 1:1 formulation (1.81x10™* mol cm™3),
indicating the effectiveness of chain transfer approach in diluting the network junctions, as illustrated in
Fig. 3b. The reduced crosslink density leads to a larger soluble fraction of the LCEs, consistent with the
gel fraction results shown in Figure S2.

The looser network not only lowers E’but also enhances segmental mobility and viscoelastic dissipation,
resulting in an increased tan 6. All formulations exhibit pronounced tan 6 peak at T, reaching
approximately 1.14, 1.44 and 1.85 for RM257:EDDT ratios of 1:1, 1:1.5 and 1:2, respectively. Remarkably,
the LCE displays a distinct tan 6 plateau above T, This behaviour arises from the reorientation of liquid

crystal molecular at nematic phase, coupled with entanglement between the polymer chains. This
unique thermomechanical feature highlights the potential of LCE for vibration damping and reversible
adhesion applications for wide temperature and frequency ranges*®4’. Upon further temperature rise,
the LCEs transition from nematic to isotropic phase, leading to a drop in tan 6 as mesogen-mediated
dissipation vanishes. It is also notable that 7,; decreases with increasing EDDT content, with the 1:1
formulation exhibiting the highest and the 1:2 the lowest transition temperature. This trend arises
because denser mesogenic packing in low-EDDT systems strengthens intermolecular interactions,
requiring more thermal energy to disrupt the ordered configuration.

Figure 3c presents the conclusive comparison, showing that both the 1:1.5 and 1:2 formulations exhibit
T, values below 0°C. The 1:2 formulation achieves a room-temperature storage modulus below 0.3 MPa,
fully satisfying the Dahlquist criterion for ‘ideal’ PSAs, while the 1:1.5 formulation approaches this
threshold with an E' close to 0.3 MPa. Compared with the stiffer 1:1 ratio, their lower modulus enhances
mesogen mobility and interfacial wetting, showing potential in eliminating the need for extended contact
time or annealing to align mesogens with surface geometry for maximising the adhesion strength. All
the characteristic temperatures of various formulations are concluded in Table S2 in detail. It is worth
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mentioning that the 7, detected by DMA is generally higher than that measured by DSC, which originates
from the difference in the physical phenomena probed by these techniques. DSC detects when heat
capacity increases due to molecular motion, while DMA detects when those motions are sufficient to
affect mechanical stiffness. Because mechanical relaxation requires more mobility than thermal
relaxation, T, from DMA is usually higher.

Adhesives performances are commonly assessed through tack, peel, and shear tests, where the tack
test measures the initial tackiness, the peel test reflects the energy dissipated during interfacial
debonding, and the shear test evaluates the resistance to sustained shear forces. As shear tests are
typically employed for structural adhesives, this study focuses on peel and tack performances. Figure 4a
demonstrates the probe tack test, which can effectively quantify the initial tackiness under light
pressure. In this test, a spherical metal probe is brought in contact with the adhesive surface at a target
load, held under a constant dwell time of 300 s, and then retracted. As shown in Fig. 4b-c, the 1:1
formulation exhibits the lowest tack strength. This is attributed to the high crosslink density and
correspondingly high rubbery modulus, leaving few mobile or dangling chains available for interfacial
bonding. Increasing the content of EDDT reduces the effective crosslink density and introduces more
chain mobility, leading to a higher tackiness. In particular, the 1:2 formulation displays a distinct force
plateau following the initial peak, characteristic of fibrillation during debonding. This process involves the
formation and elongation of adhesives, which dissipate additional energy and thereby enhance the
adhesion strength.

A 180° peeling test is conducted following the industrial standard ASTM D3330 (Fig. 4d). Figure 4e-f
presents the peel force-displacement curves for LCEs formulations, tested both with and without
annealing. The as-prepared 1:1 formulation expectedly exhibits a lower peel strength, attributed to its
high storage modulus that limits interfacial wetting thereby reducing the bonding strength between LCE
and the substrate. Annealing significantly increases adhesion by three times through reducing the
modulus and enhancing chain mobility at the interface, which improves substrate wetting. In contrast,
the 1:1.5 and 1:2 formulation exhibit comparable peel forces before and after annealing. The slight
improvement observed after annealing arises from the thermally accelerated mesogenic alignment
along the substrate surface geometry, an effect that can alternatively be achieved by extending the
contact time, as reported in previous studies3%32. Notably, oscillatory stick-slip patterns are observed,
particularly in the 1:1.5 and 1:2 formulation. This is likely caused by the delayed response of mesogenic
reorientation during peeling at a quick rate like 300 mm min~'. Reducing the peeling rate allows more
time for molecular relaxation, thereby mitigating the stick-slip effect (Figure S3).

A summary plot of the normalised peel forces across different formulations is presented in Fig. 4g. A
considerable increase from the as-prepared to the annealed state is observed for the 1:1 sample,
consistent with its modulus reduction and improved wetting upon annealing. In contrast, the 1:1.5 and
1:2 formulations show comparable peel forces with and without annealing. Furthermore, the tack force
follows a clear trend: with increasing EDDT content, the LCE adhesives become progressively tackier and
more energy dissipative. The nearly identical tack forces for the annealed and as-prepared samples
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confirm the practical reliability of the developed LCE adhesives. Compared with commercial PSAs, LCE
adhesives generally exhibit stronger peeling strength as shown in Fig. 4h, driven by the additional energy
dissipation arising from the mesogenic reorientation during deformation. The exception is the 1:1
formulation, whose comparatively high room-temperature modulus limits effective wetting and therefore
suppresses adhesion. Notably, the chain-transfer LCE (CT-LCE) samples display annealing-independent
peel performances, in clear contrast to previously reported thiol-acrylate LCE system.

A defining characteristic of LCE-based adhesives is their stimuli-responsive detachment capability,
where they maintain strong adhesion under service conditions while allowing clean release upon
activation. As shown in Fig. 5a (retrieved from Movie S3-4), below the T, (i.e. within the nematic phase),
the LCE adhesive tapes adhere firmly to the glass substrate and are capable of holding a 500 g weight,
indicating its strong bonding. When the temperature rises above T,;and the LCE transitions into the
isotropic phase, the adhesion diminishes, facilitating effortless peeling. Furthermore, this reversible
adhesion exhibits good cycling stability over at least five heating-cooling cycles, as demonstrated in
Movie Sb.

To quantitatively evaluate the thermal responsiveness of the LCE adhesives, 180° peel and probe tack
tests are performed at elevated temperatures. As shown in Fig. 5b, the peel force decreases sharply
upon heating, dropping significantly at 50°C when the adhesives transitions into the isotropic phase.
Further temperature increases result in an almost complete loss of peel strength, corresponding to their
suppressed viscoelastic energy dissipation (i.e. reduced tan 8) at high temperatures. In all cases, the
substrate surfaces remain residue-free after detachment (Figure S4a-b), confirming that debonding
proceeds through interfacial failure rather than cohesive rupture (Figure S4c). This indicates that the LCE
adhesives maintain their structural integrity during service and enable clean, thermally induced
debonding on demand. The temperature-dependent tack behaviour is presented in Fig. 5c. Compared
with the sharp decline in peel strength, tackiness decreases more gradually with temperature, with
approximately 50% of its maximum value retaining at 70°C. This contrast reflects the different
deformation modes probed by the two tests: peeling primarily depends on dynamic viscoelastic
dissipation, which is highly temperature-sensitive, whereas tack reflects the quasi-static interfacial
compliance of the adhesive, which diminishes more gradually with temperature.

This thermally induced debonding is particularly promising for next-generation technologies, such as
biomedical wearables and reconfigurable assemblies. In Fig. 5d-e (retrieved from Movie S6-7), the LCE
adhesives exhibit strong adhesion on rubber gloves, functioning as potential biomedical adhesive
interfaces for attaching physical sensors. Upon mild heating, the transition from nematic to the isotropic
phase enables pain-free and residue-free removal, offering clear advantages for patient comfort and
device reusability. Furthermore, the LCE adhesives are employed to bond the 3D-printed parts (Fig. 5f-g,
retrieved from Movie S8-9), where clean thermal debonding is again observed between parts.
Collectively, these demonstrations on metal, plastic, rubber, and glass substrates highlight the
universality and practicality of LCE-based pressure sensitive adhesives for diverse applications requiring
on-demand debonding and reversible adhesion.
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Conclusion

In conclusion, this work establishes a transformative pathway for designing debondable pressure-
sensitive adhesives based on liquid crystal elastomers. The proposed chain-transfer reaction strategy
regulates the polymer networks, unlocking the optimal viscoelastic window of LCEs. The low glass-
transition temperature (- 11°C) and room-temperature storage modulus of 0.1 MPa are achieved,
satisfying the Dahlquist criteria without plasticisers, tackifiers, or post-annealing. The resulting LCEs
exhibit remarkable energy dissipation (tan 6 = 1.85 at T tan 6 = 0.91 in nematic phase) and strong yet
reversible adhesion (peel = 1.08 N mm™; tack = 2.3 N) that remain stable over multiple adhesion-
debonding cycles. Upon heating through the nematic-isotropic transition, the peel strength drops sharply
to ~ 0.004 N mm~ ", enabling clean, on-demand thermal debonding. The chain-transfer approach
eliminates the need for time- or heat-assisted wetting, greatly enhancing practicality of LCE-based
adhesives. It further offers a scalable and additive-free platform for debondable adhesives with universal
applicability across metals, plastics, rubbers and glass. This breakthrough paves the way for next
generation sustainable manufacturing assemblies, biomedical wearables, and reconfigurable soft
systems.
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Figure 1

(a) Schematic illustration of the chain-transfer reaction mechanism and the resulting network of LCEs,
(b) Differential scanning calorimetry thermograms of the LCEs with various formulations. (c) Optical
appearance of RM257:EDDT - 1:1.5 adhesive tape showing a change from opaque at nematic phase to
transparent at isotropic phase as the temperature increases from below to above the nematic-isotropic
transition temperature. (d) Polarised optical microscopy images of the stretched RM257:EDDT — 1.2
observed at 0° and 45° between the polariser and the analyser, with a scale bar of 100 um. (e) Thermally
induced debonding of RM257:EDDT - 1:1.5 from the nematic to the isotropic phase.
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Figure 2

FTIR spectra of pre- and post-cured LCEs with different monomer-chain transfer agent ratios: (a) 1:1, (b)

1:1.5, and (c) 1:2, (d) Conversion rates of thiols and acrylate groups after UV curing for the various
formulations.
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(a) Dynamic mechanical analysis of LCEs at various formulations with temperature scanned from -100
°C to 150 °C. (b) Schematic illustration of the effect of chain transfer agents on reducing crosslinking

density and adding dangling ends, with light blue shades representing the crosslinking regions. (c)
Comparison of room-temperature storage modulus and glass transition temperature of RM257:EDDT-1:1,
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Figure 4

(a) Demonstrative diagram of the testing rig of probe tack, (b) & (c) Force — Time curves of the probe
tack performance of annealed and as-prepared samples, respectively, (d) Demonstrative diagram of the
testing tig of 180° peeling, (e) & (f) Force — Displacement curves of peeling performance of annealed
and as-prepared samples, respectively, (g) Conclusive diagram of normalised peel force and tack force,
(h) Comparison of the normalised peel force between the commercial PSAs, LCEs made by thiol-acrylate
click chemistry? (labelled as Thiol-acrylate LCE), and made by chain transfer reaction (labelled as CT-
LCE) with their as-prepared and annealed performances.
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Figure 5

(a) Accelerated peeling of RM257:EDDT - 1:2 on glass substrate at elevated temperatures, (b) Peeling
performances of RM257:EDDT - 1:1.5 at elevated temperatures. (c) Probe tack performances of
RM257:EDDT - 1:1.5 at elevated temperatures. (d) Strong adhesion LCE-based PSA in nematic phase.
(e) Pain-free releasing in isotropic phase. (f) Robust joining of 3D printed parts in nematic phase. (g)
Clean debonding of 3D printed parts in isotropic phase.
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