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ABSTRACT: Recently, the chemistry of supramolecular adhesives has rapidly progressed in materials science and tissue en-
gineering. Many structural motifs with a variety of non-covalent interactions have been proposed for advanced adhesive
properties. Here, we propose a new materials class of liquid crystalline pressure-sensitive adhesive (LC-PSA). Without the aid
of hydrogen bonding or Coulomb force, a cyclooctatetraene(COT)-fused electron-deficient dipyridophenazine dimer (dppz-
FLAP) forms a tight twofold columnar 7-stacking based on its V-shaped molecular structure (n-7 distance: 3.32 A). With the
dppz-FLAP core as a mesogen of liquid crystal, a high shear LC-PSA bearing a well-defined packing structure in a hexagonal
columnar phase has been developed. Both hydrophobic and hydrophilic glass substrates can be easily bonded at room tem-
perature by simply pressing a flake sample of the molecular adhesive between the substrates. Tensile shear strengths reached
approximately 1 MPa for glass, SUS and Fe substrates based on dispersion interaction with significant ductility, while the easy
peelability on a PET tape was confirmed. The rigid columnar structure formed by the shape-assisted assembly results in the
high cohesive force of the material, while the soft liquid crystalline properties provide sufficient fluidity as a PSA. Viscoelastic
analysis revealed a unique position of the LC-PSA (G'~107 Pa, G”~10¢ Pa) compared with conventional PSAs. The concept of
LC-PSA based on the rigid/soft hybridization and hydrogen-bond-free molecular engineering extends the potential of supra-
molecular adhesives and functional small-molecule materials.

INTRODUCTION

Supramolecular adhesives have emerged as a pioneering
class of compounds in the broad and ever-evolving field of
materials science and tissue engineering.!-¢ Unlike conven-
tional polymeric adhesives, which rely on strong covalent
bonds, supramolecular materials are formed by the net-
work of non-covalent interactions such as hydrogen bonds,
van der Waals force, and other electrostatic interactions
(Figure 1a).78 Due to the abundant types of non-covalent (or
dynamic) bonds, supramolecular adhesives offer many ad-
vantages over conventional polymeric adhesives, including
inherent self-healing® and reusable!-13 properties, stimuli-
responsive properties,'4-1° and improved bio-conformabil-
ity.2021 These adhesives are composed of a variety of molec-
ular motifs such as host-guest systems,17.19.22-26 multiple hy-
drogen bonds,?’-35 disulfide bond,’3¢ coordination com-
plexes,37-39 Pt-Pt interactions,*’ and eutectogel.#! In particu-
lar, catechol analogs,383942-46 jonic liquid motifs,*24748 and
nucleobase pairs#?5° offer characteristic functions in uni-
versal adhesion, small-molecule adhesion, and high shear
strength (~16 MPa), respectively. To enhance the tough-
ness of adhesives, energy dissipation by weak bond break-
ing has been also focused in recent studies.>! On the other
hand, unambiguous characterization of their packing struc-
tures has been limited due to the non-uniform, less direc-
tional supramolecular assemblies, which hinders precise
mechanistic studies.

Liquid crystals (LCs) possess a unique position in
materials science.52-54 In addition to the characteristic fea-
tures of structural anisotropy, controllable optical/mechan-
ical properties, and electric field response, the packing
structures of molecular LCs can be clearly analyzed, making
it easy to discuss structure-property relationships.>>5¢ We

have previously reported an LC adhesive with a photoin-
duced melting function,’” but the development of LC adhe-
sives is still in its infancy, whereas the above-mentioned su-
pramolecular adhesives are flourishing. The strength of in-
termolecular interactions in LCs varies largely depending
on the LC phase. Nematic and smectic LCs are not suitable
for adhesive materials because the fluidity of these phases
is too high to exhibit sufficient cohesive force. In contrast,
we have found that a columnar liquid crystal based on a
characteristic twofold © stacking structure of a V-shaped
molecule (see below) produce high cohesive force.5” Self-
assembly based on the appropriate shape of such nonplanar
molecules (including saddle-shaped>8-%2 or bowl-shaped
ones®>63-66) has attracted attention as "shape-assisted self-
assembly” in recent years. In particular, to construct me-
chanically rigid self-assembly structures with less direc-
tional "m-stacking interaction",®? it is essential to design
molecules with folded shapes because it works as rotational
locks that can geometrically restrict the translational and
rotational components of motion between building
blocks.58

However, the LC adhesive still suffers from a com-
mon limitation, which is shared with supramolecular adhe-
sives. That is, most of these materials require a hot-melt
process for the adhesion process. The pre-heating process
limits their use and poses a challenge particularly in the ad-
hesion with thermoplastic substrates. To overcome this
problem, reversible photo-switching process has been re-
cently proposed, using azo components and so on.t8-73 In
these studies, the adhesion for coverage of substrate sur-
faces is triggered by the photoinduced melting of materials,
and the subsequent curing is induced by a different wave-
length of light. On the other hand, the advanced photomelt-
ing process has another serious limitation in that the
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substrates must be transparent for penetration of the exci-
tation light. In this context, the simple adhesion function
without heat or light, like pressure-sensitive adhesives
(PSAs), is the next important challenge. While polymer-
based PSAs have been classically developed,’-78 only a few
emerging examples have been reported as supramolecular
PSAs79-82 and, to the best of our knowledge, liquid crystal-
line PSA (LC-PSA) has not been developed.
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Figure 1. (a) Schematic illustration of supramolecular
adhesives. (b) Similarity between LCs and PSAs. (c) A
small-molecule LC-PSA reported in this work.

Here we report the development of a novel LC-PSA
with sufficient cohesive strength. In general, PSA requires a
delicate balance between two seemingly contradictory
properties: wettability, which allows the adhesive to spread
over the substrate surface, and cohesion, which prevents in-
ternal disruption of the material (Figure 1b). We focused
that these properties have similarities to those of columnar
LCs. They exhibit a combination property of fluidity, akin to
liquids, and an ordered nanostructure, characteristic of
crystals. Inspired by this idea, we hypothesize that a colum-
nar LC with the shape-assisted self-assembly may serve as

a high shear LC-PSA without the aid of hydrogen bonds or
Coulomb force.

In this work, we have designed a cyclooctatetraene
(COT)-fused dipyridophenazine (dppz) dimer, called dppz-
FLAP. The series of flapping molecules (FLAPs), which are
characterized by V-shaped or saddle-shaped structures due
to the central COT ring, provide a good example of the
shape-assisted self-assembly, unless steric hinderance is
present.61.628384 The V-shaped molecules are spontaneously
stacked to form tight twofold columnar m-stacking with op-
timal dihedral angles of the bent COT conformation (Figure
1c). Nitrogen atoms at the pyrazine and pyridine rings leads
to the electron-deficient properties of the dppz wings.8 The
extended m-skeleton with high electron deficiency induce
more tight t-stacking due to strong van der Waals attraction
and less electronic repulsion.8¢-88 The unique twofold co-
lumnar as-sembly of the FLAP mesogen further enhances
intermolecular interaction, leading to strong cohesive force
of materials. On the other hand, by introducing multiple
long alkyl chains into the dppz-FLAP mesogen, we aimed to
form a columnar LC phase at room temperature and de-
velop a LC-PSA with sufficient wettability under pressure.

RESULTS AND DISCUSSION

Gram-Scale Synthesis of the Liquid Crystalline PSA

Prior to the preparation of the LC compound, parent dppz-
FLAP with no peripheral substituent, dppz-FLAPO was syn-
thesized (Figure 2a). The condensation reaction®-°2 of the
precursors, dibenzol[a,e]cyclooctatetraene-2,3,8,9-
tetraamine hydrochloride 1°* and 1,10-phenanthroline-5,6-
dione 2, was conducted in MeOH, providing dppz-FLAPO in
87% yield. The solid sample of dppz-FLAPO allowed unam-
biguous structural characterization of the twofold columnar
n-stacking by powder XRD analysis (Figure 3a).

On the other hand, liquid crystalline dppz-FLAP
bearing four 3,4,5-tris(dodecyloxy)phenyl substituents,
dppz-FLAP1 was synthesized on a gram scale in a three-
step procedure starting from previously reported com-
pounds. Suzuki-Miyaura cross-coupling reaction of the pro-
tected phenanthroline 3 and the arylboronic acid provided
the phenanthroline derivative 4 in 37% yield. Subsequent
deprotection to 5 and the condensation of 5 with 1 afforded
dppz-FLAP1 in 65% yield for these two steps. With this re-
action scheme, 1.0 g of dppz-FLAP1 was obtained. The sol-
ubility of dppz-FLAPO was quite low because of the lack of
substituents to improve solubility. Therefore, the NMR anal-
ysis of dppz-FLAPO was performed in a protonated form in
a TFA-d solution. In contrast to dppz-FLAPO, dppz-FLAP1
was highly soluble in common organic solvents due to the
multiple dodecyl groups, while practically no solubilities in
water and methanol were confirmed. The flake sample of
dppz-FLAP1 was obtained by precipitating from hot
MeOH /toluene solution, and then drying the precipitate un-
der vacuum at 90 °C (Figure 2b).
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Figure 2. (a) Synthesis of COT-fused dppz dimers dppz-
FLAPO and dppz-FLAP1. Conditions: (i) MeOH, 60 °C, 2
h, 87%; (ii) SPhos, Pdz(dba)s, Cs2C0s, dioxane/water
(50:3), reflux, 63 h, 37%; (iii) TFA/water (30:1), 70 °C,
21 h, 88%; (iv) CHCl3/MeOH (1:1), 60 °C, 22 h, 65%. (b)
Photographs of dppz-FLAP1 in a flake form.

Densely m-Stacked Columnar Structure with Shape and Elec-
tron Design

To investigate the strong intermolecular interaction be-
tween dppz-FLAPO molecules, we attempted X-ray crystal-
lographic analysis, but only fine needle crystals were ob-
tained. Therefore, we performed powder X-ray diffractom-
etry (XRD) on the needle dppz-FLAPO crystals. The crystal
structure was solved and refined through the Rietveld anal-
ysis? (Figures 3a and S6-1). The analysis showed the char-
acteristic twofold columnar m-stacking structure of dppz-
FLAPO, and the interfacial distance between the two dppz
sites was determined to be 0.332 nm. Notably, this interfa-
cial distance was shorter than that of the previously re-
ported COT-fused anthracene dimer (0.350 nm),57 indicat-
ing that dppz-FLAPO forms a more densely packed colum-
nar structure compared to the conventional FLAP series.

By a computational method of independent gradi-
ent model based on Hirshfeld partition (IGMH),* the effec-
tive van der Waals interaction between the stacked dppz
moieties was revealed in the columnar structure of dppz-
FLAPO (Figure 3b). Furthermore, the effect of nitrogen

doping was investigated by comparing the electrostatic po-
tential maps in the density functional theory (DFT) analysis
(Figure S11-2). The calculations showed that the increased
number of doped nitrogen atoms made the n-skeleton more
electron deficient. These results support the prediction of
diminished electrostatic repulsion in the twofold columnar
n-stacking, leading to the more rigid structural motif.
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Figure 3. (a) Refined crystal structure of electron-defi-
cient dppz-FLAPO. The interfacial distance between the
dppz sites: 3.32 A. Needle crystals of dppz-FLAPO were
obtained by repeated recrystallization from a hot chloro-
benzene solution. (b) IGMH for dppz-FLAPO mapped
with colored isosurface for dginter = 0.005 a.u. The color
scale for the mapped function sign(A2)p is -0.05 <
sign(4z)p < 0.05.

Columnar LC Phase at Room Temperature

Before exploring the potential application of dppz-FLAP1
as a material, the LC properties and phase transition behav-
ior of dppz-FLAP1 has been studied. In the differential
scanning calorimetry (DSC) analysis of dppz-FLAP1, at
least two characteristic phase transition peaks were ob-
served during both the cooling and heating processes, i.e.
the exothermic peaks at 1 °C and 208 °C during cooling and
the endothermic peaks at 4 °C and 215 °C during heating
(Figure 4a). Thermogravimetric analysis (TGA) showed al-
most no weight loss of dppz-FLAP1 below 250°C (Figure
S3-1). Although dppz-FLAP1 was obtained in the flake form,
polarized optical microscope (POM) observations revealed
that shearing of the dppz-FLAP1 sample at room tempera-
ture resulted in an anisotropic molecular alignment (Figure
5a), suggesting an LC phase at room temperature. The phase
transition at 215 °C in the heating process was further in-
vestigated using variable-temperature POM observations.
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As a result, an LC-to-isotropic liquid phase transition was
observed between 180 °C and 218 °C (Figure S4-1). To gain
insights into the phase transition around 0 °C, temperature
dependent viscoelasticity measurements of dppz-FLAP1
were performed (Figure S5-1). The storage modulus (G’)
and loss modulus (G') of dppz-FLAP1 increased near 0 °C
with decreasing temperature. This indicated that the phase
transition at 1 °C is likely to be an LC-to-solid phase transi-
tion in the cooling process.
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Figure 4. (a) DSC traces of dppz-FLAP1 at 5 °C/min rate
of cooling (top) and heating (bottom). (b) 1D XRD pat-
tern of dppz-FLAP1 at room temperature. (c) Plausible
packing structure of the stacked dppz-FLAP1 columns in
the LC phase. The repeating cell unit is composed of the
columnar array structure.

The structure of the LC phase was determined by the XRD
pattern of dppz-FLAP1 at room temperature. Three char-
acteristic peaks observed at d = 3.37 nm as peak A (100),
1.91 nm as peak B (110), and 1.70 nm as peak C (200) sup-
ported a hexagonal columnar phase (Colx) at room temper-
ature (Figure 4b). The distance between the two column
centers was calculated to be 3.84 nm, which corresponds to
the estimated size of the bent dppz-FLAP1 molecules with
significant interdigitation of peripheral aliphatic chains

(Figure 4c). The XRD patterns at 130 °C and 170 °C showed
three additional peaks D, E, and F, which corresponds to
(220), (310), and (400) planes, respectively (Figure S7-1).
Hexagonal symmetry implies rotationally averaging dy-
namics of each columnar structure. These six peaks at
170 °C were sharper than those at 130 °C, and the peaks D,
E, and F eventually disappeared by cooling to 25 °C. The
blunting of these peaks suggested that short range order
was lowered by reduced averaging dynamics.

Polarized optical microscopy (POM) observation
of the sheared dppz-FLAP1 sample suggested oriented co-
lumnar arrays (Figure 5a). To verify the column orientation
after shearing, two-dimensional grazing incidence XRD (2D-
GIXRD)? on the sheared sample was performed (Figure 5b).
When the X-ray was irradiated from the perpendicular di-
rection to the shearing, the (100) diffraction became more
significantly anisotropic in the 2D pattern, while the parallel
irradiation led to a less anisotropic diffraction (Figures 5c
and 5d). This result indicates that the sheared columns are
oriented parallel to the shear direction with edge-on ar-
rangement on the substrate surface (Figure 5e).
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Figure 5. (a) POM images of a film of dppz-FLAP1
sheared at room temperature. Shear was applied in the
direction of a white arrow at room temperature. Double-
headed arrows indicate the relative directions of the po-
larizer and analyzer. Three POM images of dppz-FLAP1
were obtained by rotating the polarizer and analyzer 45°
and 90° clockwise. (b) Schematic illustration of the 2D-
GIXRD measurement from the top view. The X-ray and
shear directions are parallel in the left figure and are per-
pendicular in the right figure. (c) 2D-GIXRD pattern of
dppz-FLAP1 after shearing at room temperature. (d) Az-
imuth angular (¢) dependence of the (100) diffraction in-
tensity, obtained by converting the 2D-XRD images in (c).
Intensity is calibrated based on the sample length (see
Figure S8-1). (e) Estimated edge-on alignment of the co-
lumnar arrays after shearing.
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Pressure-Sensitive Adhesion on Glass Substrates

When we applied shear stress to the dppz-FLAP1 sample to
investigate the LC properties, considerable force was re-
quired to initiate the shear. This interesting property
prompted us to investigate the possibility of using dppz-
FLAP1 as a PSA (Supporting Movie 1). To evaluate the ad-
hesive properties of dppz-FLAP1, samples for shear testing
were prepared by placing ~3 mg of dppz-FLAP1 between
the hydrophilic glass substrates and applying a force of 150
N for 60 s to promote adhesion (Figure 6a). In the shear
tests, the dppz-FLAP1 sample exhibited a maximum strain
of 1.2 £ 0.1 MPa (Figure 6d, left). The stress-distance curve
of the shear test showed characteristic creep behavior, and
dppz-FLAP1 can be classified as a strong and ductile adhe-
sive (Figure 6c). After the shear test, the sample of dppz-
FLAP1 was remained on both two glass substrates, indicat-
ing typical cohesive failure. Since the appearance was al-
most preserved with a round shape (Figure 6b), we re-ad-
hered the debonded specimens and measured the shear
strength (Figure 6d, right). Due to the non-covalent interac-
tions, shear strength was almost fully recovered (1.1 £ 0.2
MPa).
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Figure 6. (a) Preparation of the specimen. (b) Photo-
graph of the dppz-FLAP1 specimen before and after the
adhesion test. (c) Stress-distance chart of dppz-FLAP1
in a shear test. The sample of dppz-FLAP1 was sand-
wiched between hydrophilic glass substrates. The shear-
ing rate was 1 mm/min. The classification of adhesive
properties by stress-distance curves5! is shown in the in-
set. (d) Shear strength of dppz-FLAP1 put between two
hydrophilic glass substrates. Shear strengths of the re-
used specimens were also shown. The error bars mean
standard deviations. (e) Force-distance chart of dppz-
FLAP1 in the peeling test. The peeling rate was 30
mm/min. The film width was 10 mm.
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In general, PSAs are also evaluated by peel and tack tests, in
addition to shear tests. Therefore, we evaluated the peel and
tack performance of dppz-FLAP1. Peel strength is an im-
portant parameter that indicates the force required to peel
a tape from a solid surface at a constant rate per unit width
of tape. In the peel test, dppz-FLAP1 was applied toa 1 cm
wide PET film, the PET film and stainless-steel plate were
adhered to dppz-FLAP1 by crimping, and the force re-
quired to peel it off was examined. Surprisingly, the tape
could be easily peeled off with almost no force (Figure 6e).
We also performed a probe tack test on dppz-FLAP1: a cyl-
inder was adhered to a 0.37 mm thick dppz-FLAP1 layer
with a force of 1 N for 0.01 seconds, and the normal stress
during the subsequent pull-up was monitored with a rhe-
ometer. Surprisingly, the maximum tack stress was meas-
ured to be 0.2 N (Figure S9-1), which is significantly lower
than that of typical PSAs.%¢ The significantly lower peel
strength and tack stress could be attributed to the fact that
dppz-FLAP1 has almost no spinnability as a PSA. In short,
these results emphasize that dppz-FLAP1 has characteris-
tic properties among PSAs, exhibiting resistance in the
shear direction, but not in the peel and tack directions.

Definition of the LC-PSA in the Viscoelastic Window

It is known that viscoelasticity at low frequencies can ex-
plain wetting and creep behavior of the PSA, while viscoe-
lasticity at high frequencies can explain peeling and quick-
stick strength of the PSA. Therefore, the unique properties
of dppz-FLAP1, such as high shear strength, easy peeling,
and low tack strength, were investigated from the viscoelas-
tic viewpoint using a rotational rheometer. Surprisingly, the
storage modulus (G'=1.0x107-1.5X107 Pa) and loss modu-
lus (G" = 1.2X105-1.4%x10¢° Pa) of dppz-FLAP1 were excep-

tionally high over the entire frequency spectrum (Figure 7a).

From these modulj, the loss factor was calculated to be tan
6 = 0.1, confirming the fully elastic behavior and low spin-
nability of dppz-FLAP1 at room temperature. Notably, the
G' values of dppz-FLAP1 exceeded the Dahlquist criterion
for a good PSA (G' < 3x105 Pa).”” In fact, dppz-FLAP1
showed high creep resistance thanks to its high G' and tan §,
but because of the high G', a large force of 150 N was re-
quired to quickly wet the substrate. When the force was re-
duced to 50 N or 100 N, wetting was insufficient, and the
adhesion area seemed to be small (Figure S10-1). These re-
sults suggest that the unique properties of dppz-FLAP1 as
a PSA are due to the combination of high ¢' and low tan &.
The extremely high storage modulus of dppz-FLAP1 is pre-
sumably due to the tight columnar #-stacking structure of
dppz-FLAP core and the large number of small van der
Waals interactions between alkyl chains.

To define the position of dppz-FLAP1 within the
general PSA in terms of viscoelasticity, we used the concept
of a "viscoelastic window" that classifies PSAs according to
storage and loss moduli (Figure 7b).°® As a result, dppz-
FLAP1 was classified as a high shear PSA in quadrant 2. The
storage modulus of dppz-FLAP1 was significantly higher
and the area of the window of dppz-FLAP1 was smaller
than those of other common adhesives, such as cross-linked
ploy(norbornene-graft-BE), poly(butyl acrylate-co-acrylic
acid),?”® polymers synthesized from biobased monomers,1%°

and thermoplastic polyurethanes'®! (comparison 1-4 in
Figure 7c). For example, a high-shear PSA with high reusa-
bility and removability, developed by Kim (comparison 1),
has the maximum storage modulus of ¢’ = 3x106 Pa at 100
rad s~ and shear strength of 0.25 MPa,102 which were lower
than those of dppz-FLAP1.
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Figure 7. (a) Frequency dependence of storage modulus
G' and loss modulus G" of dppz-FLAP1. (b) Viscoelastic
window and position of dppz-FLAP1 within the window.
(c) Chemical structure and storage and loss moduli of
common PSAs. The viscoelastic window of the compari-
sons were referred as follows: comparison 1,102 2,99 3,100
and 4.191 BE : benzyl ether, BA : butyl acrylate, AA : acrylic
acid, iBnNb : isobornyl norbornenate, COD : cyclo-1,5-oc-
tadiene, NCA : 5-norbornene-2-carboxylic acid.
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Interpretation of the Adhesion Ability at the Interface be-
tween LC-PSA and Substrates

While the performance of dppz-FLAP1 has been evaluated
in terms of the cohesion property based on its viscoelastic
properties, it is also important to evaluate adhesion force
based on surface properties at the point of contact between
the PSA and the substrates. To investigate surface proper-
ties in detail, contact angle and shear strength were meas-
ured on a variety of substrates. In addition to hydrophilic
glass substrates, we used hydrophobic glass substrates,
steel use stainless (SUS), iron (Fe), polyethylene tereph-
thalate (PET), and polypropylene (PP) substrates. First, the
contact angles between water or diiodomethane and dppz-
FLAP1 of the substrates were measured. These contact an-
gles were converted into the dispersive and polar compo-
nents of surface free energies (0¢and o?) using Young's and
Owens-Wendt's equations (Figure 8a).

(@) go
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Figure 8. (a) Breakdown of the surface free energy of
substrates and dppz-FLAP1. See Supporting Infor-
mation for surface free energy calculations. (b) Substrate
dependence of the shear strength. The error bars mean

standard deviations. (c) Schematic illustration of adhe-
sion by dppz-FLAP1.

As a result, 04 and oP of the spin-coated dppz-FLAP1 film
were calculated to be 04 = 36 mN/m and oP < 1 mN/m, re-
spectively. Although oP did not vary much between sub-
strates (09 = 25-42 mN/m), the value for oP varied greatly
between substrates (o = 3-48 mN/m). Despite the variety
of oP between the substrates, the shear strengths did not
change much between hydrophilic glass (o = 48 mN/m,
shear strength = 1.2 MPa), hydrophobic glass (o? = 3 mN/m,
shear strength = 1.1 MPa), SUS (0P = 7 mN/m, shear strength
=1.1 MPa), and Fe (o =4 mN/m, shear strength = 0.98 MPa)
substrates (Figure 8b). Unexpectedly, dppz-FLAP1 hardly
adhered to PET and PP substrates, and the shear strength
couldn’t be measured in the case of PP and PET substrates.
We attribute this difference in shear strength to the fact that
the Young's modulus of PET (4.0 GPa%%) and PP (1.5 GPa04)
is lower than that of glass (70 GPa%), SUS (200 GPa%), and
Fe (210 GPal%7), which can cause elastic deformation of PET
and PP during bonding and loss of adhesion by restoring
forces. These results suggest that the adhesion between
dppz-FLAP1 and the substrate is mainly due to van der
Waals forces (Figure 8c).

CONCLUSIONS

In this study, we have pioneered the development of a
small-molecule liquid crystalline pressure-sensitive adhe-
sive (LC-PSA) by using an electron-deficient V-shaped dppz-
FLAP core as a mesogen. Twofold m-stacking of this core
structure induced the shape-assisted self-assembly of a lig-
uid crystalline molecule dppz-FLAP1. The packing struc-
ture was precisely determined to reveal the formation of a
hexagonal columnar LC phase. Remarkably, the LC sample
exhibited a good adhesive ability by simple pressing pro-
cess at room temperature. High shear strength, exceeding 1
MPa, has been achieved with both hydrophilic and hydro-
phobic glasses, SUS, and Fe substrates, while showing little
peel strength and tack stress. The storage modulus of dppz-
FLAP1 was estimated to be ~107 Pa, far exceeding the
Dahlquist's criterion. The unique feature of the LC-PSA has
been revealed in the viscoelastic window of conventional
PSAs. Our results indicated that the multiple alkyl chains of
dppz-FLAP1 enhanced both the fluidity and adhesion abil-
ity of the material through van der Waals interactions.

This research represents a notable advance in the
application of molecular engineering to materials science,
moving away from the conventional reliance on hydrogen
bonding. Traditionally, liquid crystals have been used to
create materials that combine fluidity and ordered struc-
ture, butliquid crystals have rarely been applied to cohesive
materials. While previous studies have incorporated liquid
crystal molecules®970108109 or liquid crystal polymers!10.111
into adhesives, none of the liquid crystal structures them-
selves have been reported as pressure-sensitive adhesives.
Our approach, which combines strong mesogen interac-
tions with the soft, flexible alkyl chain interactions, not only
achieves cohesion but also optimizes wettability for the
pressure-sensitive function. This strategy of combining
rigid and soft parts shares common principles with other
materials such as segmented copolymers,!?2 double
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network gels,!13 and polymers with dynamic bonding,14
suggesting a common underlying doctrine in material de-
sign. The LC adhesive has a further potential to endow
unique LC properties to conventional adhesives, such as an
anisotropic shear strength depending on the shear direction
and a controllable bonding strength by an electric field.
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