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Harnessing Extreme Internal Damping in
Polyrotaxane-Incorporated Liquid Crystal Elastomers for

Pressure-Sensitive Adhesives

Subi Choi, Hongye Guo, Bitgaram Kim, Ji-Hun Seo,* Eugene M. Terentjev,

Mohand O. Saed,* and Suk-kyun Ahn*

Liquid crystal elastomers (LCEs) exhibit extraordinary energy dissipation due
to their unique viscoelastic response, resulting from the rotation of mesogens
under mechanical stress. While recent studies demonstrate the LCE-based
pressure-sensitive adhesives (PSAs) by exploiting the enhanced damping, all
previous studies have focused on LCEs with covalent crosslinks. Here, a new
class of PSAs is developed by integrating movable polyrotaxane crosslinkers
into an LCE matrix (PRx-LCEs). Dynamic viscoelastic measurements reveal
that PRx-LCE exhibits a remarkably high energy dissipation, as indicated by a
large tan 8. Interestingly, the secondary tan 6 peak associated with LCE
damping is more pronounced than the primary peak of the glass transition.
The exceptional energy dissipation in PRx-LCE results in superior adhesion
strength (~1864 N m~"), which is 3.5 times higher than conventional LCEs
and 13 times higher than commercial PSAs in the peel test. Additionally,
PRx-LCEs demonstrate thermally reversible adhesion, enabling clean removal
at elevated temperatures. Furthermore, the sliding effect in PRx-LCE enhances
both deformability and stress relaxation under load, resulting in deeper
indentation, and superior adhesion during the probe tack test. The
combination of LCE and slidable crosslinks provides robust and switchable
adhesion, making them promising for applications in biomedical engineering,

A key property of LCEs for energy absorp-
tion applications is due to the local meso-
gen rotation during deformation, character-
ized by a high loss factor (occurring above
the glass transition, T,) in dynamic me-
chanical measurements.['®! This unique dy-
namic feature of LCEs suggests a great po-
tential for high-damping applications.[1718]

Recently, several studies have exploited
the unique energy dissipation of LCEs to de-
velop high-performance pressure-sensitive
adhesives (PSAs), although the direct corre-
lation between energy dissipation and adhe-
sion remains largely empirical."*-?*! For in-
stance, Terentjev and coworkers were able
to correlate the dynamic adhesion and vis-
coelastic behavior of LCEs, demonstrating
switchable adhesion through a nematic-to-
isotropic transition (T).[27 This correla-
tion between tan é and adhesive energy fol-
lows from assessing the adhesion strength
in relation to crosslinking density, orienta-
tional genesis, and surface roughness.?!]

display, and semiconductor industries.

1. Introduction

Liquid crystal elastomers (LCEs) which combine the anisotropic
and stimuli-responsive properties of liquid crystals with the
elasticity of the polymer networks are renowned for their
use in shape-changing applications such as actuators,!*%! soft
robotics, 78] artificial muscles,®!% and biomedical devices.!!!]
However, recent studies have also highlighted their potential
in other compelling applications, including energy dissipation
materials,['213] shock absorbers,*l and vibration dampers.!®]

They also explored various adhesion charac-

teristics of LCEs using 90° peel, lap shear,

and probe tack tests.”l More recently,

Cai and coworkers reported the details of

the rate-dependence of LCE adhesion using the 180° peel tests.[?’]

While most adhesion studies have focused on polydomain LCEs,

the White research group investigated monodomain well-aligned

LCEs, highlighting their directional adhesion under nonlinear

deformation.[**) Despite the growing interest in LCE-based PSAs,

all previous work has mainly focused on LCEs with covalent or
fixed crosslinks.

A new strategy for enhancing the energy dissipation of elas-

tomers is the incorporation of movable crosslinks. Polyrotaxane
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(PRx) is well-known for its sliding effect, which enhances the
energy dissipation and toughness of elastomers. The sliding ef-
fect, also called the “molecular pulley effect”, arises from the
movement of the cyclodextrin rings along the polymer axes,
leading to stress-relaxation behavior and increased stretchabil-
ity. The sliding effect can be observed between the glassy and
rubbery states when the cyclic rings gain sufficient thermal en-
ergy to actively move, resulting in an additional tan § peak.!?*]
This stress-relaxation behavior of PRx can also enhance adhesion
strength. Recent studies have demonstrated that acrylic PSAs in-
corporating slidable crosslinks exhibit exceptional adhesion and
stretchability.l?%] Additionally, PSAs based on poly(lipoic acid) in-
corporating PRx crosslinkers can withstand significant weights
due to their enhanced stress dissipation.!?”] Consequently, we hy-
pothesized that introducing PRx crosslinkers into LCEs would
add extra movable moieties in addition to the intrinsic mesogenic
rotation of LCEs, thereby maximizing the damping and adhesion
properties.

In this study, we developed a new class of high-performance
PSAs based on LCEs comprising polyrotaxane crosslinkers (PRx-
LCEs). PRx-LCE with an optimal PRx content shows two dis-
tinct tan 6 peaks in dynamic viscoelastic measurements: a low-
temperature peak associated with the segmental motion of LCE,
and a high-temperature peak related to the rotation of mesogens.
Notably, the secondary tan § peak from the rotational dissipa-
tion of LCE is more pronounced in PRx-LCE compared to con-
ventional LCE, due to the additional sliding effect of polyrotax-
ane adding mobility to fluctuating mesogenic groups. This pro-
nounced secondary tan 6 peak, greater than the primary peak as-
sociated with the T,, is extremely unusual in conventional poly-
mers. Owing to its superior damping, the PRx-LCE-based PSA
also demonstrated higher adhesion performance than both con-
ventional LCE adhesives and commercial PSAs, as confirmed by
the 180° peel and probe tack tests.

2. Results and Discussion

2.1. Synthesis and Viscoelastic Properties of PSAs

All LCE samples were prepared using a two-step synthesis pro-
cess (chain extension followed by photopolymerization) accord-
ing to our previously reported protocol (Figure S1, Support-
ing Information).[?®! Briefly, a homogeneous LC mixture con-
sisting of diacrylate-functionalized reactive mesogen (RM82), n-
butylamine (n-BA) chain-extender, and a photoinitiator (I-369)
was heated in a convection oven at 80 °C for 21 h, resulting in
oligomerization through the aza-Michael addition reaction. The
resulting LC oligomer was bar-coated onto 70 pm PET backing
films to the desired thickness, followed by photopolymerization
at room temperature to yield LCE film. For PRx-LCE, a multi-
acrylate functionalized PRx crosslinker was thoroughly mixed
with the LC oligomer using chloroform as solvent prior to bar-
coating. As a control, an isotropic film comprising the same
weight percentage of PRx crosslinker was also prepared using
bisphenol A ethoxylate diacrylate (BADA) as a non-LC monomer.
This setup allows for a comparison of the viscoelastic proper-
ties and adhesion performance among PRx-LCE which consists
of an anisotropic matrix with movable crosslinks, a conventional
LCE with fixed crosslinks, and PRx-BADA, which consists of an
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isotropic matrix with movable crosslinks (Figure 1a). The fabri-
cation process of adhesive tapes through bar-coating and photo-
crosslinking is illustrated in Figure 1b and Video S1 (Supporting
Information).

The viscoelastic properties of LCEs can provide insights into
their adhesive properties, with a higher tan § (i.e., greater energy
dissipation) suggesting stronger adhesion.2*24] The viscoelastic
properties of LCE, PRx-LCE, and PRx-BADA were investigated by
dynamic mechanical analysis (DMA) from a temperature ramp in
tensile mode, and the resulting storage modulus and tan § curves
are shown in Figure 2a,b, respectively. The crosslink density (v,)
of each sample was estimated based on the rubbery modulus ac-
cording to Equation (1).

V= (1)

where FE' is the storage modulus at 120 °C, R is the gas constant,
and T is the temperature (in Kelvin). The crosslinking densities
of LCE, PRx-LCE, and PRx-BADA were determined to be 1.6 X
107°,0.7 X 107, and 8.5 X 10~ mol cm3, respectively.

From the tan § curves, T, of all samples was observed at
~15 °C, but T,; of LCEs was not apparent due to its weak and
broad characteristics as well as the networked structure.[2%3%
Note that T,; (%110 °C) of LCE samples could be better identified
by differential scanning calorimetry (DSC) analyses (Figure S2,
Supporting Information). Interestingly, both LCE and PRx-LCE
exhibited distinct secondary tan 6 peaks at ~60 °C, associated
with the rotational dissipative loss.[1#2%28] More interestingly, the
secondary peak of PRx-LCE was even more pronounced than the
corresponding primary glass-transition peak (T,). In most poly-
mers, the tan § peak exhibits its maximum at Tg, where the seg-
mental motion starts during the transition from the glassy to
rubbery state. Therefore, the greater secondary tan § peak ob-
served in the nematic phase of PRx-LCE is extremely unusual.
This secondary peak was consistently observed in the tan § curves
throughout three heating cycles, as shown in Figure S3 (Support-
ing Information). In contrast, the secondary peak in tan § curve
was not observed in PRx-BADA (Figure 2b), suggesting that the
rotational motion of mesogens is primarily responsible for in-
ducing the secondary peak. Apparently, the further enhanced me-
chanical dissipation of PRx-LCE is attributed to the sliding mo-
tion of the movable polyrotaxane crosslinkers, which do not sig-
nificantly interfere with the movement of mesogens, unlike tra-
ditional covalently crosslinked LCEs.

To investigate the effect of sliding motion on internal damp-
ing, we conducted several control experiments. First, we ex-
amined the impact of LC monomers and crosslinking density
in LCEs on internal damping. We used RM82 (six methylene
spacers, S6) and RM257 (three methylene spacers, S3) as LC
monomers, while varying the crosslinking density by adjust-
ing the LC monomer to chain extender ratio (m:1, with m =
1.01, 1.1, and 1.2). PRx content and the number of cyclodex-
trin (CD) rings were fixed at 0.5 wt.% and n = 50. PRx-LCE
with a longer spacer (S6) exhibited a broader tan é peak over a
wider temperature range (Figure S4a, Supporting Information),
while lower crosslinking densities (m = 1.01 and 1.1) showed
distinct secondary tan 6 peaks (Figure S4b, Supporting Infor-
mation). Although PRx-LCE (m = 1.01) had strong damping, its
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Figure 1. a) Schematic of the three distinct samples used in this study highlighting their differences in molecular structures: LCE, PRx-LCE, and PRx-
BADA (top), and the mesogen rotation in LCE and sliding motion of PRx (bottom), and b) Fabrication process of the pressure sensitive adhesive (PSA).
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Figure 2. a) Storage modulus and b) tan & curves of LCE, PRx-LCE, and PRx-BADA during temperature ramp in DMA. Master curves of the c) storage
modulus and d) tan § against the shifted frequency of LCE, PRx-LCE, and PRx-BADA, obtained by time-temperature superposition from frequency sweep

at various temperatures and frequencies.

mechanical strength was insufficient to measure adhesion prop-
erties. Thus, PRx-LCE with 1) a longer spacer length (S6) and
2) an intermediate crosslinking density (m = 1.1) was selected
for optimal balance between damping and mechanical stability.
Second, LCE incorporates a 0.5 wt.% PRx crosslinker exhibited
the highest secondary peak (Figure S5a, Supporting Informa-
tion). Interestingly, the mechanical dissipation of PRx-LCE in-
creased with increasing PRx content. However, an excessive PRx
content (1-2 wt.%) resulted in inefficient sliding motion due to
agglomeration.[?®] Therefore, the content of the PRx crosslinker
was set at 0.5 wt.% in all remaining experiments. Third, a higher
number of cyclodextrin (CD) (n = 50) effectively increased the
peak magnitude compared to a lower number of CD (n = 30)
(Figure S5b, Supporting Information). A higher number of CDs
causes a greater number of slidable crosslinks, consequently
increasing viscoelastic relaxation. According to previous stud-
ies, PRx exhibits additional viscoelastic relaxation at intermedi-
ate temperatures (~25-150 °C) due to the sliding motion of the
CD rings.*"*? Additionally, an increase in PRx content can lead
to an increase in peak magnitude.*’] Consequently, our find-
ings indicate that 1) an optimized PRx content and the num-
ber of CD rings enhance the loss peak magnitude; 2) this in-
crease originates from additional viscoelastic relaxation through
the molecular motion of the CD rings; and 3) these effects are
specifically observed in an anisotropic matrix with nematic or-
der. Therefore, the superior internal damping in PRx-LCE re-
sults from the synergistic interaction between mesogen rotation
and the sliding motion of PRx. Hence, we suggest that slidable
crosslinks play a crucial role in enhancing the energy dissipation
of LCEs.
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2.2. Master Curves

The complete viscoelastic behavior of LCEs was investigated by
constructing a Master Curve using the time-temperature super-
position (TTS) principle, which provides insights into the adhe-
sion performance over extensive timescales. Frequency sweep
test was conducted at various temperatures, and the frequency
was shifted to achieve the overlap of curves at different temper-
atures to construct a Master Curve of the storage modulus and
tan 6.[22) The multiplicative factor by which the frequency was
shifted (the so-called shift factor aT) is equal to 1 at a reference
temperature (T,.; = 20 °C). The shift factor and fitting curves,
based on the Williams-Landel-Ferry (WLF) equation at different
temperatures,**%°] are presented in Figure S6 (Supporting Infor-
mation).

Figure 2c shows the master curves of the storage modulus of
LCE, PRx-LCE, and PRx-BADA. Notably, above T;, the TTS prin-
ciple does not apply to the storage modulus. Indeed, the storage
modulus increased in the isotropic phase above T,; due to en-
tropic rubber elasticity (Figure S7, Supporting Information).[*>33]
However, below T, the storage modulus observed in the master
curves closely aligns with the results from the temperature-ramp
experiments (Figure 2a). The master curves of the storage mod-
ulus of PRx-BADA also aligned well with the temperature-ramp
results (Figure 2a). However, constructing reliable master curves
at low frequencies was restricted by the limited deformability of
PRx-BADA at elevated temperatures (Figures S9 and S10, Sup-
porting Information).

The master curves of tan 6§ of LCE, PRx-LCE, and PRx-
BADA are shown in Figure 2d, demonstrating a good agree-
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Figure 3. a) Peel force—displacement curve obtained from a 180° peel test at a peel rate of 100 mm min~', indicating a stick-slip behavior. b) Peel force—
displacement curve before and after thermal annealing. c) Peel strength of LCE, PRx-LCE, PRx-BADA, and commercial 3M tapes measured at 20 °C. d)

Peel strength of LCE and PRx-LCE measured at various temperatures.

ment with the results of the temperature ramp (Figure 2b). The
frequency sweep results at each different temperature are pro-
vided in Figures S8 and S9 (Supporting Information). Gener-
ally, a high tan § (>1) represents a greater adhesive energy, as it
correlates with increased energy dissipation during the debond-
ing process.3*37] Notably, PRx-LCE exhibits a higher tan § (>1)
within the 107*~10° Hz frequency range, whereas LCE shows a
much lower tan 6 (< 1). These findings suggest that PRx-LCE can
maintain its adhesion strength at both ultra-low and ultra-high
peel rates (or equivalently, frequencies of the dynamic response),
making it advantageous for applications requiring reliable adhe-
sion or damping across a wide range of frequencies and temper-
atures.

2.3. Peel Strength

As previously discussed, the temperature- and time-dependent
viscoelastic properties are closely related to adhesion strength.
Given the unique viscoelastic characteristics of PRx-LCE, we
anticipate superior adhesive performance compared to conven-
tional LCE. To assess the adhesion strength of PSAs, a 180° peel
test was performed at 20 °C. During the peel test, the adhe-
sives were affixed to a stainless-steel substrate and subjected to
constant-rate peeling using DMA (Video S2, Supporting Infor-
mation). Figure 3a displays the displacement versus peel force

Adv. Funct. Mater. 2025, 35, 2413824

2413824 (5 of 11)

curve, highlighting stick-slip behavior. The average peel force
(Fyg) Was computed from the curve as the mean value between
the initiation force (minimum value) and the arrest force (maxi-
mum value).*®! Figure 3b displays the peel forces before and af-
ter annealing. Annealing enhanced the adhesion force by pro-
moting the gradual stress relaxation of polydomain LCEs, which
is consistent with recent studies on LCE adhesives.[??] There-
fore, all peel tests were conducted following annealing to an
isotropic state and subsequent rapid cooling to room temperature
(Figure S11, Supporting Information).

Figure 3c shows the peel strength of LCE, PRx-LCE, PRx-
BADA, and two types of commercial 3M tapes (3M 810 and 3M
309) at 20 °C. The peel force was normalized to the width of each
sample to provide standardized values of “work of adhesion”, al-
lowing for comparisons between the different adhesive systems.
The PRx-LCE adhesive exhibits a peel strength (~1864 N m™!)
that is 3.5 times higher than that of LCE (%536 N m™!). Addi-
tionally, PRx-LCE shows a peel strength 13 times higher than
that of 3M 810 (=144 N m™') and 5.7 times higher than 3M
309 (%326 N m™!). In contrast, PRx-BADA adhesive demon-
strates a lower peel strength (%388 N m™!) than both LCE and
PRx-LCE; a detailed analysis of this lower peel strength will be
discussed later (Figure S12, Supporting Information). To evalu-
ate the temperature-dependent adhesion performance of PSAs,
peel tests were conducted at various temperatures (Figure 3d).
Both samples displayed two distinct peaks in peel strength: one
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occurring at lower temperatures (—30 to 10 °C) and another at
higher temperatures (10 to 50 °C). Specifically, PRx-LCE exhib-
ited peak peel strengths of ~1833 N m~! at —20 °C and ~1864
N m~! at 20 °C. In comparison, LCE showed a maximum peel
strength of ~2000 N m™" at —10 °C, which decreased to ~984
N m™! at 30 °C. The observed maximum peaks in peel strength
are correlated with T, and nematic dissipation identified by the
tan é curves, although the peak temperatures do not entirely align
with those observed in viscoelastic measurements (Figure 2b).

The discrepancy between the peaks in the tan 6 and peel
strength curves is associated with the rate-dependent charac-
teristics of viscoelastic behavior and peel strength during each
test.[2023] Specifically, the oscillating frequency used during DMA
measurement (1 Hz) does not directly correlate with the peeling
rate (100 mm min~!) during the peel test, which may result in
the peak temperatures, appearing at different values in each test.
Nevertheless, the key trends remain consistent. Notably, the two
distinct transitions identified in the tan § curves, corresponding
to the T, and internal damping, are reflected in the temperature-
dependent peel strength. Consequently, the strong adhesion of
PRx-LCE at 20 °C is attributed to its pronounced rotational dissi-
pation, enhanced by PRx sliding.

Additionally, both samples displayed a decrease in peel
strength to below ~0.5 N (50 N m™!) when heated from 20 °C
(nematic phase) to 100 °C (near isotropic phase), which agrees
with the tan 6 results (Figure S13, Supporting Information). Con-
sistent with other literature,[?>-22] the contact angles of all sam-
ples were found to be similar at nematic and isotropic tem-
peratures, indicating that the adhesion of LCEs is mainly gov-
erned by the viscoelastic behavior rather than by interfacial en-
ergy (Figure S14, Supporting Information). The reusability of
the PRx-LCE adhesive was assessed, demonstrating nearly con-
sistent peel strength over ~13 tests at 20 °C, after which the
PET film failed (Figure S15, Supporting Information). The ex-
cellent reusability after a peel test is attributed to the capa-
bility of PRx-LCE to restore its original form through anneal-
ing at 150 °C (T > T,;). The above findings highlight PRx-
LCE as a promising candidate for switchable PSAs with demon-
strating reliable adhesion performance across a broad range of
temperatures.

To visualize the peel strength, the LCE and PRx-LCE adhe-
sives were affixed to a glass cell, subjected to thermal annealing,
and then monitored under a sustained load at 25 °C. As shown
in Figure 4a,b, the LCE adhesive sustained a load of 500 g for
20 min, but detached at 1 kg (Video S3, Supporting Information).
In contrast, the PRx-LCE adhesive could hold 500 g for 1 h, 1 kg
for 2 min, and 2 kg for 15 s. The maximum holding weights (500 g
for LCE and 2 kg for PRx-LCE) are in good agreement with the
peel test results (5 N for LCE and 18 N for PRx-LCE) (Figure 3c).
The higher peel strength of PRx-LCE is attributed to its enhanced
internal damping. The adhesion of PRx-LCE can be eliminated
by heating above T,; with a heat gun at 150 °C for 5 s, resulting
in removal of the load (Figure 4c; Video S4, Supporting Infor-
mation). The loss of adhesion at elevated temperatures (in the
isotropic phase of the elastomers) was due to the reduced peel
strength of PRx-LCE under these conditions (Figure 3d). Upon
reattachment, the adhesion strength of PRx-LCE was restored by
annealing above T, ;, allowing it to support the same load. The ad-
hesion could then be eliminated again by heating, demonstrating
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its reversible and switchable adhesion (Figure S16, Supporting
Information).

In addition to robust adhesion, the clean removal of PSA with-
out leaving residues is crucial for various applications such as
medical bandages,* label tapes,[*! and circuit boards.[*!! There-
fore, we also evaluated the adhesive residue after detaching each
PSA from glass substrates. For this purpose, LCE and PRx-LCE
adhesives, along with commercial 3M tape, were applied to glass
substrates and peeled at 90 °C (near T,;) using DMA at a con-
stant rate. After peeling, the glass substrate surfaces were ana-
lyzed using a laser-scanning confocal microscope. Both LCE and
PRx-LCE adhesives showed minimal residues, as evidenced by
2D optical images (Figure 4d) and height profiles (Figure 4e), sug-
gesting adhesive failure at elevated temperatures. These findings
correspond with the significant drop in peel strength observed at
T,; for LCE and PRx-LCE adhesives (Figure 3d). In contrast, the
commercial 3 M tape exhibited cohesive failure, leaving substan-
tial residue upon detachment.

2.4. Probe Tack Adhesion

The surface tackiness of our PSAs was evaluated using a
probe tack test under a constant compressive load of 0.5 N.
Figure 5a shows a schematic of this experiment along with a gen-
eral plot of the adhesion force over contact time. The adhesion
force (F,) is determined from the peak of the force—displacement
(or the force-time) curve, whereas the work of adhesion (W,) is
determined from the area under the stress—displacement curve.
Figure 5b,c shows the F, values of the LCE and PRx-LCE adhe-
sives at various contact times, and representative photographs
taken during the probe tack test. While the F, of both samples
increased with longer contact times, PRx-LCE exhibited a higher
F, and more pronounced fibrillation compared to LCE (Figure 5e;
Figure S17 and Video S5, Supporting Information). In contrast,
PRx-BADA exhibited a lower time-dependent adhesion force and
a lower F, compared to both LCE and PRx-LCE (Figure 5d,e).

To better understand these results, the contact area was mea-
sured as a function of contact time using a Jiusion Digital Mi-
croscope. The contact area of PRx-LCE gradually increased with
longer contact times (10-1800 s),*?] whereas that of LCE satu-
rated at 600 s (Figure 5f). This difference may stem from the
sliding behavior of PRx in LCE. Creep recovery and stress relax-
ation experiments were performed to investigate the effect of the
sliding motion on the contact area. PRx-LCE showed a higher
creep strain (x280%) compared to LCE (x110%) and PRx-BADA
(~35%), indicating higher deformability (Figure S18, Supporting
Information). Additionally, PRx-LCE exhibited a greater stress
relaxation compared to LCE, while maintaining lower residual
stress over 600 s (Figure S19, Supporting Information). Based
on these results, we suggest that the sliding motion of PRx en-
hances the deformability of PRx-LCE under load during probe
tack tests, leading to a larger contact area and deeper indenta-
tion, as illustrated in Figure 5f. The W, values over contact time,
calculated from the probe tack test and contact area, are shown in
Figure 5g. Interestingly, the W, of PRx-LCE gradually increased,
reaching 1471 ] m~2 at a contact time of 1800 s, which is a much
higher value than the value (156 ] m~?) of LCE at the same contact
time. The higher adhesion energy of PRx-LCE compared to that
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Figure 4. a) Comparison of the adhesion strengths between LCE and PRx-LCE adhesives. b) Sustainable load and holding time of LCE and PRx-LCE
adhesives. c) Photographs describing the thermally switchable adhesion of PRx-LCE adhesive: the PRx-LCE supports 1 kg, which is released upon
heating (T > T,;). d) 2D optical images and e) height profiles, obtained using a laser scanning confocal microscope. Inset images are the snapshots

during peeling each PSA on the glass substrates.
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Figure 5. a) Schematic of the probe-tack test and adhesion force-time curves. The adhesion force (F,) of b) LCE, c) PRx-LCE, and d) PRx-BADA was
measured after various contact times at room temperature. e) A summarized graph that compares the adhesion force of the three PSAs as a function of
contact times. f) Contact area of LCE and PRx-LCE adhesives after different contact times (left), and the illustration of stress relaxation behavior of LCE
and PRx-LCE adhesives during indentation (right). g) Comparison of the work of adhesion (W,) between LCE and PRx-LCE adhesives after various contact
times. h) A photograph of the PRx-LCE adhesive supporting a load of 150 g. i) Adhesion of PRx-LCE to various surfaces, including glass, polypropylene,
metal, and polytetrafluoroethylene.
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Figure 6. Peel strength (from the peel test) and adhesion force (from the probe tack test) over the dissipation factor (area of tan §): LCE and PRx-LCE

adhesives in this work, and other LCE adhesives reported from literature.

of LCE is also attributed to the presence of movable crosslinker,
which enhances energy dissipation through their sliding
motion.

To demonstrate surface adhesion properties, the PRx-LCE ad-
hesive was bonded to a glass cell using glue. Various objects were
then attached to the surface of the PRx-LCE adhesive by manu-
ally applying gentle pressure. The PRx-LCE adhesive successfully
held two steel weights of 50 and 100 g, as shown in Figure 5h,
indicating its robust adhesion. Furthermore, the PRx-LCE adhe-
sive exhibited excellent macroscopic adhesion to a range of sub-
strates, including glass, polypropylene (PP), metal, and polyte-
trafluoroethylene (PTFE), highlighting its versatility and poten-
tial for diverse applications (Figure 5i).

2.5. Relationship Between Viscoelastic Properties and Adhesion

The adhesion strength is strongly affected by its viscoelastic
properties.[*** For example, the storage modulus is related to
effective adhesion, whereas tan § is associated with energy dissi-
pation during detachment. Generally, higher tan 6 values corre-
late with greater adhesion strength, highlighting the importance
of examining the viscoelastic properties of PSAs.

Based on our peel test and probe tack results, as well as val-
ues reported in the literature,[2°?*] we plotted tan & values and
the adhesion strength of LCE adhesives (Figure 6). The area un-
der the tan 6 curve, known as the dissipation factor, was used as
the x-axis, while the maximum peel strength and adhesion force
were plotted on the double y-axes. All data were replotted using
WebPlotDigitizer software based on datasets from the literature.

Interestingly, a general trend was observed, indicating that a
higher tan § area corresponds to higher peel strength and adhe-
sion force. The conventional LCE synthesized in this study ex-
hibited adhesion performance similar to those reported in the
literature. However, the PRx-LCE adhesive demonstrated signifi-
cantly higher peel strength and adhesion force compared to other
systems. The superior adhesive performance of PRx-LCE results
from its unique energy-dissipating characteristics, arising from
the synergy between mesogen rotations and movable polyrotax-
ane crosslinkers, allowing additional freedom for the mesogen
motion. If a larger amount of PRx crosslinkers could be intro-
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duced to the LCE matrix without an aggromerlation issue, the
adhesion strength may be further enhanced.

3. Conclusion

In summary, we developed a new class of high-performance
PSAs by integrating movable PRx crosslinkers into an LCE ma-
trix. Remarkably, PRx-LCE exhibited significantly enhanced en-
ergy dissipation compared to conventional LCE, with a more pro-
nounced secondary tan § peak than that of the primary segmen-
tal peak associated with T,. This phenomenon was observed in
viscoelastic measurements as a function of temperature and fre-
quency. To our knowledge, such unprecedented enhancement in
mechanical dissipation has not been reported for LCE systems.
The 180° peel test revealed that the peel strength of PRx-LCE was
3.5 times higher than that of conventional LCE and up to 13 times
higher than that of commercial PSAs. In addition, the adhesion
of PRx-LCE can be switched off when heated close to T,; with-
out leaving much residue, and then seamlessly recovered when
cooled back to the nematic phase. The sliding effect in PRx-LCE
also facilitated stress relaxation, resulting in superior adhesion in
the probe tack test compared to conventional LCE and commer-
cial PSAs. Our work suggests that integrating mobile moieties,
such as the reorientation of mesogens and slidable polyrotaxane
crosslinkers, into polymers is an effective strategy for leveraging
the dynamic viscoelastic properties of PSAs, thereby enhancing
adhesion performance.

4. Experimental Section

Materials:  1,4-bis-[4-(6-acryloyloxyhexyloxy) benzoyloxy]-2-methylben-
zene (RM82) was purchased from Daken Chemical, and bisphenol A
ethoxylate diacrylate (BADA) and n-butylamine (n-BA) were obtained
from Sigma—Aldrich. Irgacure-369 (I-369) was donated by the BASF cor-
poration. The polyrotaxane (PRx) cross-linker was synthesized according
to a previously established protocol.[?8] All materials were used without
further purification.

Preparation of PSAs: The LCE and PRx-LCE adhesives were synthe-
sized by chain-extending the LC monomer (RM82) and n-BA through an
aza-Michael addition reaction, followed by crosslinking photopolymeriza-
tion of diacrylate.l?8] The RM82 to n-BA molar ratio was set to 1.1:1, and
the weight percentage of 1-369 was maintained at 2.5 wt.% of the total LC
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mixture. RM82 (10 g, 14.86 mmol), n-BA (0.988 g, 13.51 mmol), and 1-369
(0.281 g) were added to a vial, and homogeneously mixed using a heat
gun. Subsequently, the LC mixture was oligomerized in a convection oven
at 80 °C for 21 h. To prepare the PRx-LC oligomer, the LC oligomer was
uniformly mixed with a PRx (0.055 g) solution dissolved in chloroform (10
mL) under heating using a heat gun. The weight percentage of the PRx
crosslinker was fixed at 0.5 wt.% of the LC oligomer. The PRx-LC oligomer
solution was then cast onto a Petri dish and dried in a vacuum oven at
80 °C for 6 h to remove the solvent.

To fabricate the PSA, the LC oligomer was cast onto a PET backing
film using a tape-casting coater (MSK-AFA-Il, MTI Corporation). Prior to
coating, the PET film was treated with O, plasma using a plasma cleaner
(Diener Plasma GmbH & Co. KG) to ensure a strong bond with the LC
oligomer. During the coating process, an applicator with a 500-um gap
was used, moving at a speed of 5 mm s~ at 90 °C. Then, the coated LC
oligomer was exposed to UV light for 20 min at room temperature for
crosslinking. The final thickness of the adhesive was 200 um. The PRx-
BADA adhesive was prepared following the same procedure using BADA
(10 g, 19.53 mmol), n-BA (1.298 g, 17.75 mmol), and 1-369 (0.289 g).

Material Characterization: Differential scanning calorimetry (DSC)
analysis was performed using a Discovery DSC25 (TA Instruments) under
a nitrogen flow. The samples underwent a heating—cooling—heating proto-
col: first heated to 150 °C, cooled to —50 °C, and then reheated to 150 °C
at a rate of 10 °C min~". Viscoelastic measurements as a function of tem-
perature and frequency, creep recovery, and stress relaxation experiments
were conducted using a dynamic mechanical analyzer (DMA Q850, TA In-
struments) equipped with a tensile clamp. Prior to these tests, the PET
film was removed by applying heat, and the samples were cut into rectan-
gular films (7.0 mm (L) X 5.0 mm (W) x 0.2 mm (T)). The temperature
ramp for viscoelastic measurements ranged from —50to 150 °C at a rate of
3 °C min~! under a constant frequency of 1 Hz. The frequency sweep test
covered a frequency range from 0.1 to 100 Hz and a temperature range
from —20 to 120 °C. To generate master curves, TTS was applied with a
reference temperature of 20 °C. The creep recovery test was performed at
room temperature under constant stress. Each sample was subjected to a
constant force of 0.1 N for 30 min, during which the creep strain was mon-
itored over time. After that, the force was removed, and the sample was
allowed to recover for an additional 30 min. For the stress relaxation mea-
surements, each sample was subjected to a constant strain of 5%, and the
stress relaxation was monitored over time. All samples were equilibrated
at 25 °C for 5 min before testing.

180° Peel Test:  The peel test was performed using a DMA (Q850, TA
Instruments) in tensile mode. Adhesives adhered to a PET backing film
were mounted onto a stainless-steel substrate, with the steel substrate se-
cured to the top-fixed clamp. Then, the bottom-moving clamp was peeled
at a constant rate of 100 mm min~". Peel force measurements were nor-
malized to the adhesive width (10 mm). To investigate the temperature
dependency of the adhesives, peel forces were recorded at temperatures
ranging from —40 to 100 °C. Prior to testing, all samples were equilibrated
at each measurement temperature for 5 min.

Contact Angle Measurement: The static contact angle was determined
using a contact angle analyzer (Phoenix 300, S.E.O. Co., Ltd., South Korea).
The contact angle was measured 10 s after dropping ethylene glycol onto
the surface of the adhesives. Measurements were repeated five times at
both 20 and 110 °C, with the temperature maintained using a heating pad
and monitored by an infrared camera (FLIR, E5-XT).

Probe Tack Test: Surface adhesion was measured using a probe tack
test, following ASTM D4541 standard. Adhesion forces (F,) were mea-
sured at various contact times using a universal testing machine (ST1 ten-
siometer, Tinius-Olsen). To ensure precise alignment between the adhe-
sive and probe, a spherical stainless-steel probe with a diameter of 10 mm
was employed. The probe moved downward at a rate of 10 mm min~",
generating a constant compressive load of 0.5 N. During the test, the
probe maintained contact with the adhesive for durations ranging from
1 to 3600 s. Following each contact period, the probe retracted at the
same rate until complete separation from the adhesive was achieved. Con-
tact areas at different contact times were measured using a Jiusion digital
microscope.
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Residual Analysis:  Microscale residual analysis was conducted using a
laser scanning confocal microscope (OLS5000, Olympus). Both LCE and
PRx-LCE adhesives were attached to a glass substrate through an anneal-
ing process and subsequently peeled off at 90 °C at a constant rate of
100 mm min~" using a DMA tensile clamp. Similarly, 3 m tape was ap-
plied to the glass substrate and allowed to rest at room temperature for
10 min before being peeled off at 90 °C at the same rate using the DMA
tensile clamp. After peeling, the residual surfaces were analyzed using 2D
optical images and height profiles obtained from the confocal microscope.
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Supporting Information is available from the Wiley Online Library or from
the author.
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