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Heterogeneous Acrylic Resins with Bicontinuous
Nanodomains as Low-Modulus Flexible Adhesives

Jong-Ho Back, Ji-Soo Kim, Youngdo Kim, and Hyun-Joong Kim*

Adhesives play a critical role in the assembly of electronic devices, particularly
as devices become more diverse in form factors. Flexible displays require
highly transparent and rapidly recoverable adhesives with a certain stiffness.
In this study, novel structured adhesives are developed that incorporate
bicontinuous nanodomains to fabricate flexible adhesives with low moduli.
This structure is obtained via polymerization-induced microphase separation
using a macro chain transfer agent (CTA). Phase separation is characterized
using small-angle X-ray scattering, transmission electron microscopy, and
dynamic mechanical analysis. By optimizing the length of the macro CTA, an
adhesive with both hard and soft nanodomains is produced, resulting in
exceptional flexibility (strain recovery = 93%) and minimal modulus
(maximum stress/applied strain = 7 kPa), which overperforms traditional
adhesives. The optimized adhesive exhibits excellent resilience under
extensive strain, as well as strong adhesion and transparency. Furthermore,
dynamic folding tests demonstrate the exceptional stability of the adhesive
under various temperature and humidity conditions, which is attributed to its
unique structure. In summary, the distinct bicontinuous phase structure
confers excellent transparency, flexibility, and reduced stiffness to the
adhesive, rendering it well-suited for commercial foldable displays and

components, such as flexible substrates,
device layers, and adhesives. Adhesives
are crucial for joining flexible electron-
ics; however, with the advancements in
electronics technology, they must also
perform other functions, such as con-
ducting electricity,””! wrapping around
materials,’®) and transferring circuits.[*1
For flexible displays, adhesives must meet
three primary criteria: be transparent,
recover quickly, and have a certain stiff-
ness (Figure 1a). First, the transparency of
the adhesive is critically linked to power
consumption, as adhesives with poor
transparency can significantly reduce
display brightness."""2] Second, the ad-
hesive must quickly return to its original
shape when unfolded to prevent buckling
when opened.'*3] Third, the adhesive
modulus should be sufficiently low to
avoid buckling during folding. Making
the adhesive softer reduces the stress
when folding and creates a stress-neutral

suggesting potential applications in stretchable displays and wearable

electronics.

1. Introduction

Recently, electronics have transformed from rigid to flexible,
foldable, and stretchable.'*] These electronics contain various
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plane in rigid substrates rather than the
soft adhesive, which results in significant
improvement in folding stability.'1]

Numerous studies have focused on fabri-
cating adhesives for flexible displays, which
can be grouped into four primary strategies (Figure 1b; Table
S1, Supporting Information). First, our group demonstrated that
the crosslinking density is strongly related to the recovery and
modulus of the adhesives.[2*2!] Adhesives with loose crosslink-
ing had a low modulus but did not recover well, whereas densely
crosslinked adhesives exhibited the opposite behavior. Second,
Lee et al.l'*1] created adhesives using a preexisting strain to
achieve excellent recovery properties. However, despite being
transparent, these adhesives were extremely stiff because of their
densely crosslinked structures. Third, we developed a method
called topological crosslinking using cyclodextrin that resulted
in adhesives with excellent flexibility and recovery.[?22] How-
ever, these adhesives were not sufficiently transparent for display
use, and their moduli must be increased for better recovery. Fi-
nally, we focused on creating heterogeneous adhesives with both
high- and low-modulus areas in one adhesive.[?#?°] These differ-
ent modulus zones reduced the bending stress while enabling
good recovery.?*! In addition, the continuous phase of the hard
domain offered excellent adhesive recovery properties.?>] How-
ever, it was difficult to further reduce the modulus because of
the lightly crosslinked structure of the softer areas, and there was

© 2024 Wiley-VCH GmbH
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Figure 1. a) Schematic illustration of transparent adhesives for flexible electronics. b) Common strategies for the preparation of flexible adhesives.
c) Schemes of heterogeneous adhesives with a nano-scaled bicontinuous phase.

an issue with visible patterns due to the large scale of patterns.
Therefore, there is a high demand for submicron-scale heteroge-
neous adhesives containing crosslinking-free soft domains and
continuous phases comprising hard domains.

A promising way to fabricate nanoscale heterogeneous poly-
mers is by separating the phases of block copolymers. One
method that has attracted attention is polymerization-induced
self-assembly (PISA) because it requires fewer steps to produce
the nanoscale bicontinuous phase of block copolymers.[26-28]
However, PISA can only be used in solvent-based processes,
which conflicts with the current initiative to avoid solvents
in fabricating adhesives.[?32] A better option for preparing a
nanoscale bicontinuous phase is polymerization-induced phase
separation (PIPS), which does not require solvents.?3] Tradi-
tionally, PIPS has been extensively used to induce macro-scaled
phase separation in epoxy systems, enhancing their ductility
and toughness.[**] Based on PIPS, Seo and Hillmyer developed
polymerization-induced microphase separation (PIMS), allow-
ing for more precise morphological control at smaller scales.*!
PIMS creates a nano-scaled continuous phase consisting of
hard and crosslinking-free soft domains,**¥’] which is ideal
for developing low-modulus flexible adhesives with excellent
transparency.
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In this study, heterogeneous adhesives with nanoscale bicon-
tinuous phases were fabricated as low-modulus flexible adhesives
(Figure 1c). The soft domains rendered the adhesive less stiff,
whereas the hard domains enabled it to recover quickly when
stretched. Ensuring the domain size was on the submicron scale
assisted in creating a transparent adhesive. We employed a light-
curing-based PIMS to create a nanoscale bicontinuous phase,
and the adhesive composition was optimized to ensure that it re-
covered quickly while having a certain stiffness. The phase sep-
aration behavior was observed using small-angle X-ray scatter-
ing (SAXS), transmission electron microscopy (TEM), and vis-
coelasticity tests. Mechanical analyses, including tensile, recov-
ery/relaxation, and cyclic tensile tests, were conducted to deter-
mine the optimal composition. Finally, the adhesive strength,
transparency, and folding stability of the optimal adhesives were
characterized.

2. Results and Discussion
2.1. Design Strategy
Since its first development in 2012,35) PIMS has been widely

used to fabricate bicontinuous nanodomains for nanoporous

© 2024 Wiley-VCH GmbH
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Table 1. Schemes for the a) formation of the nanoscale bicontinuous phase and b) composition of the heterogeneous adhesive with bicontinuous
nanodomains. [TPO] was set as 0.5, and “DP” represents the degree of polymerization of PBA in the macro CTA.
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materials®>3%] and polymer electrolyte membranes.[***?] No-
tably, light-curing-based PIMS has been developed to produce 3D
printable materials,!**~! offering considerably quicker polymer-
ization than the traditional azobisisobutyronitrile-based polymer-
ization reaction. We anticipate its superiority in the preparation
of solvent-free and light-curable adhesives.

The primary constituents of PIMS include a macro chain
transfer agent (CTA), radical initiator, and blend of monomers
(Table 1, Scheme a).’%%”] Initially, the macro CTA is soluble
within the monomer blend, and the second block begins grow-
ing from its end. As polymerization progresses, the resulting
polymer becomes incompatible with the remaining unreacted
monomer blend, resulting in phase separation. At this point, the
separated phase is kinetically trapped by the crosslinked network
of the second block, ultimately yielding a nanoscale bicontinuous
phase.

In this study, we prepared heterogeneous adhesives with
two distinct nanoscale phases: soft and hard domains (Table 1,
Scheme b). For the soft domain, we used a hydrophobic poly
(butyl acrylate) (PBA)-based macro CTA. The hard domain com-
prised a blend of butyl acrylate (BA), acrylic acid (AA), and
poly(ethylene glycol) diacrylate (PEGDA; crosslinker, M, =250 g
mol™?), thus offering relatively high hydrophilicity. Polymeriza-
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tion was initiated using diphenyl(2,4,6-trimethylbenzoyl) phos-
phine oxide (TPO), a commonly used photoinitiator.

As previously reported, the molecular weight of the macro CTA
has a significant impact on both the phase separation behav-
ior and mechanical characteristics of the resultant polymers.!*!
Therefore, we synthesized various macro CTAs with different
molecular weights (Table S2, Supporting Information). The com-
positions of the soft and hard domains are listed in Table 1,
and the macro CTA content was determined using prelimi-
nary testing (Table S3, Supporting Information). The molar
ratio of the monomers in the final polymer was consistently
maintained at [BA]: [AA] = 95:5, the standard composition for
acrylic adhesives.**#’] In addition to heterogeneous adhesives
with macro CTAs, we prepared homogeneous adhesives with-
out macro CTAs and heterogeneous adhesives containing PBA
oligomers and lacking CTAs for control experiments.

2.2. Phase Separation
To confirm the successful formation of the nanoscale bicontinu-

ous phase, we characterized the domain size and morphology us-
ing SAXS and TEM (Figure 2a,b). Adhesives lacking macro CTAs

© 2024 Wiley-VCH GmbH
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Figure 2. a) SAXS and (b) TEM results of the homogeneous adhesive (gray line, without macro CTA) and heterogeneous adhesive with different DPs
of macro CTAs. c) Chemical structures of the macro CTAs and oligomers of soft domains in the heterogeneous adhesives. Temperature-dependent
(d) storage modulus and (e) tan § results of the homogeneous and heterogeneous adhesives.

or those containing low-molecular-weight macro CTAs displayed
no observable peaks in the SAXS results, suggesting that the pre-
pared adhesives were homogeneous rather than heterogeneous.
The size of the bicontinuous nanodomains increased with the
increasing degree of polymerization (DP) of the macro CTAs,**]
as demonstrated in the TEM images and shifts in peaks within
the SAXS data. Moreover, the width of the peak surpassed that of
a typical bicontinuous polymer obtained via PIMS, which could
be attributed to the large domain size distribution.[*®! In the in-
stances of heterogeneous adhesives prepared using a macro CTA
with a DP of 100, phase separation was not apparent in SAXS;
however, TEM images revealed nanoscale bicontinuous phase
separation (Figure S1, Supporting Information). This could be
attributed to the weak segregation strengths of the soft and hard
domains.

Phase separation of the prepared adhesive was further con-
firmed based on its viscoelastic properties (Figure 2c—e). The ho-
mogeneous adhesive that lacked the macro CTA exhibited a sin-
gular tan 6 peak, while the heterogeneous adhesives with a macro
CTA or oligomer displayed peak splitting. The tan § peak orig-
inating from the soft domain of the PBA block was absent in
the heterogeneous adhesives, a phenomenon commonly encoun-
tered in PIMS-based polymers containing PBA blocks.[¥*=#! In-
stead, peak splitting in the tan 6 curve was evident in the hard
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domain of P(BA-sat-AA-sat-PEGDA), which is typically observed
in bicontinuous polymers containing a high content of macro
CTAs.[*#] The amplitude of the tan § peaks that were separated
in the higher temperature region (=60 °C) decreased with an in-
crease in the DP of the macro CTA. This could be attributed to
the enhancement of the melt flow resistance of the PBA block
adjacent to the hard domain. The heterogeneous adhesive with
the PBA oligomer displayed less peak splitting, probably due to
the weak interaction and segregation strength between the PBA
and P(BA-sat-AA-sat-PEGDA) domains.

2.3. Physical Properties

The tensile properties of the prepared adhesives were assessed
to confirm that the bicontinuous phase provided flexible adhe-
sives with low stiffness. As shown in Figure 3a, the elastic mod-
uli of the heterogeneous adhesives were significantly lower than
those of the homogeneous adhesive without the macro CTA
(217 kPa). Because the soft domain within the patterned ad-
hesives induced lower stress levels than the hard domain, the
overall stress experienced by the patterned adhesives was dimin-
ished in comparison to that experienced by the homogeneous
adhesives.*] Furthermore, CTA addition during the crosslinking

© 2024 Wiley-VCH GmbH
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process formed branching structures instead of 3D networks,!*!
thereby reducing the crosslinking density in the hard domain
(Figure S2, Supporting Information). Particularly, when the DP
of the PBA block was held constant at 100, the adhesive con-
taining the macro CTA exhibited an exceptionally low modu-
lus (9.18 kPa) in contrast to the PBA oligomer lacking the CTA
(83.2 kPa). This result could be attributed to the higher crys-
tallinity and crosslinking density of the adhesive containing the

Small 2024, 2403497 2403497 (

is study and in the literature.[1423,24.53]

PBA oligomers (Figure S3, Supporting Information). In addi-
tion, when the DP was 100, the heterogeneous adhesive exhib-
ited an extensive range of elastic deformations (>300%) with-
out strain hardening (Figure 3b; Figure S3, Supporting Informa-
tion). This finding may be ascribed to two factors: the bicontinu-
ous phase and low crosslinking density. First, the co-continuous
phases comprising crosslinked and soft domains enabled an even
distribution of stress, potentially enhancing the elongation at

5 of 9) © 2024 Wiley-VCH GmbH
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break.[*>% Second, a loosely crosslinked network could facilitate
elastic deformation over a wide range without strain hardening
and bond rupture.’!l When the DP exceeded 100, the molecu-
lar weight between the crosslinking points (M) of the hetero-
geneous adhesives considerably decreased (<50 kg mol™') ow-
ing to the entanglement of the PBA block (Figure S2, Supporting
Information). Thus, the heterogeneous adhesive containing the
macro CTA with entanglement-free short PBA blocks (entangle-
ment molecular weight of PBA = 28 kg mol~!)P% offered a low
crosslinking density (DP = 100, M_ = 166 kg mol™1).

Flexible adhesives must return to their original shape quickly
without plastic deformation, which is strongly related to their re-
covery and relaxation properties. To assess strain recovery and
stress relaxation, we applied 100% strain for 10 min and then
removed the stress for a 5-min recovery period (Figure 3c,d). Ad-
hesives prepared with insufficient gel content (macro CTA, DP
= 80) or limited elongation (PBA oligomer without CTA) broke
during testing. The homogeneous adhesive lacking the macro
CTA endured the test conditions but showed only partial strain
recovery (66.6%) and significant stress relaxation (60.3%) owing
to its plastic deformation (Figure 3e,f). However, the heteroge-
neous adhesives with the macro CTA demonstrated better strain
recovery and less stress relaxation than the homogeneous adhe-
sive, indicating that they were more elastic. Particularly, the opti-
mized adhesive (macro CTA, DP = 100) demonstrated significant
strain recovery (90.6%) and reduced stress relaxation (29.2%).

For flexible electronics, adhesives must recover quickly and
not be overly stiff, which can be evaluated using the plot be-
tween strain recovery and maximum stress per applied strain
(Figure 3g). Employing a pre-straining technique resulted in no-
table strain recovery but yielded adhesives that were too stiff (Re-
gion 5)."* Utilizing topological crosslinking accelerated adhe-
sive recovery, but the stiffness of the material remained exces-
sively high (Region 4).12)] Adjusting the crosslinking density, a
commonly employed method for flexible adhesives, yielded vari-
ous adhesive options. However, the strain recovery significantly
decreased as the maximum stress per applied strain was re-
duced (Region 2).53] Introducing heterogeneous adhesives with
millimeter-scale patterns improved the strain recovery at a lower
maximum stress per applied strain (<10 kPa), although the over-
all strain recovery remained below 71% (Region 3).12* In our
study, we developed bicontinuous phase-based adhesives (Region
1) with exceptional strain recovery (>90.6%) and an extremely
low maximum stress per applied strain (<7.02 kPa). These find-
ings indicated that the fabrication of a bicontinuous phase was
the most effective approach for producing flexible adhesives with
minimal stiffness.

To further investigate the flexibility of the prepared adhe-
sives, we conducted cyclic tensile tests on both the heteroge-
neous and homogeneous adhesives. The heterogeneous adhe-
sive, which contained a PBA oligomer (DP = 100, no CTA), and
the homogeneous adhesive, which contained a high concentra-
tion of crosslinker (PEGDA, 0.5), failed when subjected to a 300%
strain. However, reducing the crosslinker content to 0.1 enabled
the resulting homogeneous adhesive to withstand a strain of
300%, although with a significant residual strain exceeding 50%
(Figure 4b; Figure S3, Supporting Information). Notably, the het-
erogeneous adhesive incorporating the macro CTA (DP = 100)
exhibited exceptional flexibility (Figure 4a) with minimal resid-
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ual strain (<20%) and stress (<9 kPa). From the cyclic test, re-
silience can be determined by analyzing the area under the stress-
strain curve during both the loading and unloading processes
(Figure S5, Supporting Information). Resilience is defined as the
ability to undergo reversible deformation without energy dissipa-
tion. Therefore, highly resilient adhesives exhibit minimal differ-
ences in cyclic curves across multiple cycles. For instance, a hy-
drogel adhesive used for wound sealing patches should exhibit
high resilience to endure the dynamic movements of the body,
with a resilience of ~70%.*] However, as shown in Figure 4c, the
initial loading-unloading cycle demonstrated excellent resilience
for the heterogeneous adhesive with the macro CTA (89.9%), sur-
passing that of the resilient hydrogel adhesive. Even after eight
tensile cycles, the heterogeneous adhesive maintained a high re-
silience (>55%), whereas the resilience of the homogeneous ad-
hesive sharply decreased to 25.5%.

We proposed that the reduced stress and improved resilience
observed under increased strain might be due to two factors: a
lower crosslinking density and continuous nanodomain struc-
ture (Figure 4d). First, the low crosslinking density of the ad-
hesives resulted in a low modulus and a wide range of elastic
deformations.I>! Second, better recovery and resilience resulted
from strong connections within the hard domain. Previous stud-
ies have demonstrated that patterned adhesives with connected
hard domains exhibit significantly better recovery properties than
those with disconnected hard domains. ]

2.4. Adhesive Properties and Folding Stability

The adhesive properties of the prepared heterogeneous and ho-
mogenous adhesives were evaluated using peel-and-probe tack
tests (Figure 5a,b). A shorter length of the PBA block in the macro
CTA (DP = 80) resulted in a high probe tack but caused cohesive
failure during the peel test owing to insufficient crosslinking den-
sity. Setting the DP of the macro CTA to 100 resulted in optimized
peel strength (3.7 N/25 mm) and probe tack (5.7 N), comparable
to common tapes such as scotch and masking tapes.l>>) More-
over, the adhesion strength of the heterogeneous adhesive with
the macro CTA (DP = 100) was significantly higher than that of
the homogeneous (without macro CTA) and heterogeneous ad-
hesives (with oligomer, no CTA, DP = 100). This improvement
might be attributed to the appropriate crosslinking density rather
than the bicontinuous nanodomain because adhesive strength is
strongly linked to the crosslinking density of adhesive. Increas-
ing the DP of the macro CTA resulted in a decrease in the peel
strength and probe tack owing to the reduced wettability caused
by the increased crosslinking density.

To confirm the excellent transparency offered by the nanoscale
bicontinuous phase, UV/Vis spectra were used to assess the
transparency of the prepared adhesives (Figure 5c). The adhesive
film with a thickness of 60 um exhibited high transparency re-
gardless of the inclusion of the macro CTA. Additionally, the haze
of the prepared adhesive was quantitatively evaluated to confirm
that the heterogeneous adhesive exhibited no visible patterns that
could be induced by differences in the refractive index between
the soft and hard domains (Table S4, Supporting Information).

The heterogeneous adhesive with an optimized macro CTA
(DP =100) demonstrated high strain recovery, low modulus, and

© 2024 Wiley-VCH GmbH
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Figure 4. Cyclic tensile test results of the (a) heterogeneous (macro CTA, DP = 100) and (b) homogeneous adhesives (without macro CTA, PEGDA
= 0.1). ) Dissipated energy per tensile cycle of the heterogeneous and homogeneous adhesives. d) Schematic illustration of low modulus and high

resilience of the prepared heterogeneous adhesive.

sufficient adhesion strength. Therefore, a dynamic folding test
was conducted to confirm the folding stability for use in foldable
displays (Figure 5d). The test was conducted under three differ-
ent conditions: 1) at room temperature (25 °C), 2) at low temper-
ature (—20 °C), and 3) at high temperature combined with high
humidity (60 °C & 93%RH) with varying numbers of folding cy-
cles that are commonly used for assessing the folding stability of
adhesives.l>3] Notably, as shown in Figure 5Se, the prepared het-
erogeneous adhesive exhibited excellent folding stability without
any defects until the end of the folding cycle under all three con-
ditions. In contrast, the homogeneous adhesive exhibited frac-
tures under 25 and 60 °C and 93% RH. Even heterogeneous ad-
hesives with the same overall monomer composition but with
different DPs of the macro CTAs failed the folding test, except
when the DP was 100 (Figure S6, Supporting Information). The
exceptional folding stability of the optimized heterogeneous ad-
hesive could be attributed to its unique structure, which included
a bicontinuous nanodomain that offered high resilience and low
stiffness. In summary, optimizing the length of the PBA block in
the macro CTA resulted in a heterogeneous adhesive with supe-
rior stability to folding cycles, nearly satisfying the requirements
for foldable electronics.
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3. Conclusion

In this study, we developed innovative structured adhesives fea-
turing nanoscale bicontinuous phases to produce flexible adhe-
sives with low stiffness and high transparency. The formation
of bicontinuous nanodomains was achieved via PIMS using a
macro chain transfer agent (CTA). We observed phase separa-
tion, wherein the domain size increased by increasing the de-
gree of polymerization (DP) of the macro CTA. This observation
was confirmed using small-angle X-ray scattering, transmission
electron microscopy, and dynamic mechanical analysis. The ad-
hesive modulus exhibited a significant decrease with increasing
DP of the macro CTA, owing to an increase in the crosslink-
ing density. Despite the reduced modulus, the heterogeneous ad-
hesives comprising soft and hard domains displayed excellent
elasticity in both strain recovery and stress relaxation tests. Par-
ticularly, the optimized macro CTA length (DP = 100) yielded
an adhesive with outstanding flexibility (strain recovery = 93%)
and minimal modulus (maximum stress/applied strain = 7 kPa),
thus surpassing conventional strategies. The optimized adhesive
demonstrated high resilience (89.9%) even under extensive strain
(300%), along with sufficient adhesion strength (peel strength:

© 2024 Wiley-VCH GmbH
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3.7 N/25 mm, probe tack: 5.7 N) and transparency. Moreover, dy-
namic folding tests revealed that the optimized heterogeneous
adhesive exhibited exceptional folding stability over a wide range
of temperatures and humidity levels. This excellent folding stabil-
ity could be attributed to its unique structure, which was charac-
terized by bicontinuous nanodomains with high resilience and
low stiffness. In conclusion, the distinctive bicontinuous phase
structure endowed the adhesive with excellent transparency and
flexibility and reduced stiffness. These adhesive properties ren-
der it suitable for commercial foldable displays and suggest
its potential applications in stretchable displays and wearable
electronics.
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