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Supramolecular Interface Engineering via Interdiffusion for
Reusable and Dismantlable Polymer Adhesion

Kenji Yamaoka,* Takuma Wada, lori Ogasa, Takeru Komyo, Chao Luo, Ryohei lkura,
Masahiro Hino, Masako Yamada, Hideki Seto, Yoshihisa Fujii,* Yasutomo Uetsuji,*

and Yoshinori Takashima*

Controllable adhesion that enables both reuse and dismantling is a key
requirement for sustainable materials and device integration. Here,a
polymeric adhesion system is demonstrated based on reversible interactions
at the interface, in which the association and dissociation of supramolecular
complexes are externally regulated by thermal and chemical stimuli. By tuning
the glass transition temperature (T,) of the polymers, chain mobility and
complex reformation are simultaneously optimized, leading to enhanced
interdiffusion and bond recombination at the adhesion interface. Neutron

manufacturing, repairable electronics, and
modular device integration. Conventional
adhesives, once cured, form permanent
bonds that impede disassembly, recycling,
and material reuse. Thus, designing adhe-
sion systems that combine strong bond-
ing with reversibility under controlled stim-
uli remains a key goal in materials sci-
ence. Reusable and dismantlable adhesives
have been in high demand to enable con-

reflectivity (NR) measurements with deuterium labeling revealed that the
interfacial width increased with annealing temperature, reaching up to

24.4 nm at 200 °C after 24 hours. The presence of reversible bonds
suppressed polymer interdiffusion despite promoting adhesion strength. The
resulting materials exhibit excellent reusability and dismantlability under mild
stimuli, with strong potential for applications in recyclable electronics,
automotive manufacturing, and temporary assembly technologies.

1. Introduction

Reversible and on-demand adhesion is a critical challenge in
the development of next-generation materials for sustainable

trollable adhesion for sustainable material
applications.['*l Considerable research ef-
forts have been devoted to developing dis-
mantlable adhesion by several researchers.
Thermal expanders incorporated into adhe-
sives enable disassembly by inducing rup-
ture of the adhesive layer upon heating.>’
The incorporation of easily cleavable co-
valent bonds into adhesives enables for
on-demand debonding via bond scission
triggered by thermal, photo, and chemical
stimuli.l®11l A particularly promising strategy for achieving
both reusable and dismantlable adhesion involves introduc-
ing reversible bonds, such as dynamic covalent bonds and
non-covalent interactions, within the adhesion layer or at the
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Figure 1. Conceptual image of reusable and dismantlable adhesion through formation of host-guest complexes and interdiffusion at the adhesion

interface.

adhesion interface.['>17] By precisely controlling the association
and dissociation of these reversible bonds, reversible adhesion
with tunable performance can be realized.

In previous studies, the adhesion between hydrogel/hydrogel
and hydrogel/substrate was achieved by host-guest complex for-
mation at the adhesive interface.'¥-2!] The adhesion via host-
guest complexes exhibited reversibility and dismantlability based
on molecular recognition of host molecules. However, hydro-
gels have limited applicability as adhesives due to their poor
mechanical strength, and achieving adhesion between solvent-
free polymers remains challenging without the use of interfa-
cial solvents.l??] The realization of reversible and dismantlable
adhesion via host-guest chemistry remains limited by the effi-
ciency of complex formation at polymer—polymer interfaces. Re-
cent studies have revealed that the recombination of reversible
bonds is strongly influenced by the mobility of polymer chains.
In particular, tuning the glass transition temperature (T) of-
fers a means to control segmental motion, which is essential
for efficient bond reformation.[*?°] Considering that adhesion
between polymers is achieved by diffusion of chains across the
interface, 28] we hypothesize that optimization of T, would si-
multaneously promote recombination of reversible bonds and
enhance interdiffusion at the adhesion interface, thereby en-
abling the reversible and dismantlable adhesion via host—guest
complexes.

The objective of this study is to elucidate how reversible host—
guest bonds affect polymer interdiffusion and adhesion perfor-
mance at chemically identical polymer interfaces, through struc-
tural analysis enabled by NR. We prepared host and guest poly-
mers that exhibited adhesion through the host-guest complex
formations at the interface, achieved by optimizing the main
chain composition to regulate T,. The adhesion of the polymers
was evaluated via tensile testing. NR measurements evaluated the
interdiffusion of polymers, employing model systems with well-
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defined architectures. Although polymer interdiffusion involv-
ing reversible bonds has previously been studied using energy-
dispersive X-ray spectroscopy (EDX)[®! and atomic force mi-
croscopy (AFM),[% these investigations have primarily focused
on interfaces between chemically dissimilar polymers. However,
it remains unclear whether reversible bonds promote or hinder
chain interdiffusion in chemically identical polymers. We aim to
resolve this question through systematic experiments and quan-
titative interfacial structural analysis using NR. The NR measure-
ments, enabled by deuterium labeling, allow for structural analy-
sis of interfaces between chemically identical polymers. We em-
ployed NR to analyze the interfacial structure and investigate the
effects of reversible bonds on polymer interdiffusion. The inter-
diffusion at the adhesion interface was quantitatively analyzed
as interfacial width, enabling us to elucidate the impact of re-
versible bonds on polymer diffusion across the interface. Further-
more, we demonstrated the reusable and dismantlable adhesion
by modulating adhesion strength through thermal and chemical
stimuli (Figure 1).

2. Preparation and Characterization

2.1. Host and Guest Polymers for Adhesion Tests

Host polymers, which copolymerized butyl acrylate (BA), acrylic
acid (AA), and Mono-6-N-ethyl methacrylamide triacetyl g-
cyclodextrin (TAcJCDMAAm), are denoted as P(BA-AA-SCD)
(Figure 2a and Scheme S1, Supporting Information). The mo-
lar ratio of TAcSCDMAAm in the host polymer was fixed at
1 mol% in this paper. Guest polymers, which copolymerized
with BA, AA, and 1-adamantyl oxy methyl acrylate (Ad), were
also prepared by the same methods (Figure 2b and Scheme S2,
Supporting Information) using Ad instead of TAcSCDMAAmM
and denoted as P(BA-AA-Ad(x)). x was defined as the mol%
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Figure 2. Chemical structures of a) P(BA-AA-SCD), b) P(BA-AA-Ad(x)), c)

of Ad in the guest polymer. The amount of each reagent used
in polymerization is summarized in Table S1 (Supporting In-
formation). The mol% of AA in P(BA-AA-fCD) and P(BA-AA-
Ad(x)) was fixed at 30 mol% because adjusting a T,) of the
polymers from —10-5 °C (T, + 30-20 °C < room tempera-
ture) allows an adhesion of polymers at room temperature. The
chemical structure of host and guest polymers was confirmed
by proton nuclear magnetic resonance ('"H NMR) spectra in
deuterated chloroform (CDCl;) at 30 °C as shown in Figures
S1-S5 (Supporting Information). The T, values were evaluated
by differential scanning calorimetry (DSC) (Figure S6, Support-
ing Information). Table 1 summarizes T, of P(BA-AA-CD) and
P(BA-AA-Ad(x)). The numver-average molecular weight (M,),
weight-average molecular weight (M), and polydispersity in-
dex (M,,/M,) of P(BA-AA-BCD) and P(BA-AA-Ad(x)) were esti-
mated by comparing them to poly(butyl acrylate) polymerized
using the same procedure (Figure S7 and Table S2, Supporting
Information).

Table 1. Characteristic properties of P(BA-AA-ACD) and P(BA-AA-Ad (x)).

Polymer BCD @ [mol%)] Ad, x # [mol%] T, b Q)
P(BA-AA-ACD) 1 - 52420
P(BA-AA-Ad (0)) - 0 —121+10
P(BA-AA-Ad(1)) - 1 —6.4+0.6
P(BA-AA-Ad(2)) - 2 —67+12
P(BA-AA-Ad(3)) - 3 —5.7+06

% Estimated by "H NMR in CDCl, at 30 °C % Determined by DSC.
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2.2. Host and Guest Polymer for NR Measurements

Acrylate-based polymers with low T, are not suitable for interfa-
cial structural analysis using NR measurements, as their polymer
chains readily diffuse at room temperature and cannot be con-
trolled. Therefore, model polymers with high T, are required for
accurate NR measurements. We selected poly(methyl methacry-
late) (PMMA) for the model polymer for the following reasons. i)
PMMA has a high T,,. ii) Deuterated MMA is available. iii) PMMA
is insoluble in water when making bilayer films by the floating
method.

Host polymers were synthesized by copolymerizing methyl
methacrylate (MMA) and TAcJCDMAAm, and designated as
P(MMA-H) (Figure 2c and Scheme S3, Supporting Information).
The mol% of TAcSCDMAAm in the host polymer was fixed at
1 mol%. Deuterated polymers were also prepared by the same
method by using deuterated methyl methacrylate (d;MMA) in-
stead of MMA (Schemes S4,S5, Supporting Information). Guest
polymers, which copolymerized with d;MMA and 1-adamantyl
methacrylate (AdMA), and a homopolymer of d;MMA were de-
noted as P(d;MMA-G) and Pd;MMA, respectively (Figure 2d,e).
The mol% of AAMA in the guest polymer was fixed at 2 mol%.
The feed composition used for the polymerizations is summa-
rized in Table S3 (Supporting Information). The actual molar ra-
tio of host and guest molecules in the products was character-
ized by 'H NMR spectra in CDCl, at 30 °C, as shown in Figures
S8-S11 (Supporting Information). M,, M,,, and M, /M, were
polystyrene standard values determined by gel permeation chro-
matography (GPC) in tetrahydrofuran (THF) at 40 °C (Figure
S12, Supporting Information). The T, values were determined
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Polymer H2) [mol%] G2 [mol%] M,P) [kg/mol] M,,®) [kg/mol] M, /M, ) R, [nm] 7,9 °q

P(MMA-H) 1 - 20.9 31.4 1.57 4.4 117.0 £ 1.0
P(ds MMA-G) - 2 20.0 28.6 1.51 4.2 117.4+£03
Pds MMA - - 16.8 24.8 1.48 3.9 113.7 £ 0.4

? Estimated by "H NMR in CDCl; at 30 °G; ®) Determined by GPC(polystyrene standards) in THF at 40 °C; 9 Ry = 0.025xM,,1/232]; %) Determined by DSC.

by DSC (Figure S13, Supporting Information). Those values
of P(IMMA-H), P(d;MMA-G), and Pd;MMA are summarized in
Table 2. M, of these polymers were more than twice the entan-
glement molecular weight of a syndiotactic-rich PMMA (M, =
9.1 kg mol™1),3!l and these polymers have entanglements. The
radius of gyration (R,) of the polymers were determined from
the literature.’?] T, of Pd;MMA was 3.7 °C lower than that of
P(d;MMA-G).

3. Results and Discussion

3.1. Effect of Adhesion Time, Temperature, and Guest Molecule
Concentration on the Adhesion Strength

A sandwich specimen was prepared as shown in Figure 3a
to measure the adhesion strength between P(BA-AA-SCD)
and P(BA-AA-Ad(x)). Rectangular pieces of P(BA-AA-SCD) and
P(BA-AA-Ad(x)) films were freshly cut, and a single P(BA-AA-
Ad(x)) piece was placed between two P(BA-AA-fCD) pieces. The
adhesive interfaces were welded under various annealing times
and temperatures. During tensile testing, the P(BA-AA-Ad(x))
piece predominantly elongated as shown in Figure 3b, due to its
lower Young’s modulus compared to P(BA-AA-SCD) (Figure S14,
Table S4, and Movie S1, Supporting Information). Consequently,
the initial length of the P(BA-AA-Ad(x)) piece was defined as L,,
its elongated length as L, allowing the calculation of strain (e =
(L-Ly)/L,). Stress (o) was determined by dividing the applied load
(N) by the cross-sectional area (A) of the P(BA-AA-Ad(x) piece (o
= N/A). All stress-strain (S-S) curves used to evaluate adhesion
strength and toughness are provided in Figures S15-S17 (Sup-
porting Information).

The S-S curves of adhesion test specimens with x = 0 and
2 mol% after annealing at 25 °C or 80 °C for 24 h are shown
in Figure 3c. The corresponding adhesion strength and tough-
ness values, derived from these S-S curves, are presented in
Figure 3d,e. Even in the absence of complex formation at the ad-
hesion interface (x = 0 mol%), the pieces adhered through the
van der Waals force of BA?*3%3*] and hydrogen bonding of AA.
The adhesion strength at x = 0 mol% exhibited a slight increase
after annealing at 80 °C for 24 h. In contrast, when the complexes
were present at the adhesion interface (¥ = 2 mol%), annealing
at 80 °C for 24 h significantly increased stress at the high ¢, re-
sulting in enhanced adhesion strength and toughness. We con-
ducted molecular dynamics (MD) simulations to demonstrate
that host—guest complexed form at the adhesion interface. Two
polymer models based on MMA were prepared for comparison:
PMMA-H/PMMA-G and PMMA/PMMA. In addition, the ratio of
complex formation (c) between host and guest molecules was set
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to 0% or 100% in the PMMA-H/PMMA-G model to investigate
its effect on mechanical properties (Figures S18-S21, Support-
ing Information). The presence of host-guest complexes as re-
versible cross-links (¢ = 100%) resulted in higher stress at larger
strain. On the other hand, the PMM-H/PMMA-G with c=0% and
PMMA/PMMA did not show an increase in stress at large strain.
These simulation results are consistent with our experimental
findings on the adhesion strength of P(BA-AA-Ad(x))/P(BA-AA-
pCD) (Figure 3c), where the ¢ value increased when polymers
contained host and guest molecules and were annealed at 80 °C
for 24 h. Therefore, the increased stress at high strain suggests
complex formation at the adhesion interface.

We examined the effects of annealing time (), annealing
temperature, and guest molecule concentration (x) on adhe-
sion strength. The adhesion strength between P(BA-AA-fCD)
and P(BA-AA-Ad(2)) after annealing at 80 °C exhibited a t'/* de-
pendence up to 24 h (Figure 3f), suggesting that polymer self-
diffusion across the adhesion interface contributed to the in-
crease in adhesion strength. Previous studies on polymer heal-
ing efficiency!?**-3] have reported a similar t/* dependence for
tensile strength recovery, as both adhesion and healing are gov-
erned by polymer self-diffusion across the interface and can be
predicted using the reptation model.[*®*1] The same dependence
of the adhesion strength on the annealing time was observed
at the annealing temperature of 120 °C (Figure S22, Support-
ing Information). Polymer interdiffusion typically follows seg-
mental diffusion with a t'/* dependence for t < z,, where 7, is
the time required for a chain to escape from its tube. In con-
trast, self-diffusion, characterized by conventional Fickian diffu-
sion, follows a t'/2 dependence for t > 7,.[**~*] Notably, adhe-
sion and polymer recovery can be achieved through segmental
diffusion within relatively short times (t < 7,) without requiring
Fickian diffusion at longer times (¢ > ,). The observed plateau
in adhesion strength at extended annealing times indicates that
the interfacial structure reached equilibrium at 80 °C. Increasing
the annealing temperature further enhanced adhesion strength
(Figure 3g), and the maximum adhesion strength achieved at
120 °C approached the intrinsic tensile strength of P(BA-AA-
Ad(2)). Additionally, the adhesion strength reached its peak at x
= 2 mol% (Figure 3h), correlating with the tensile strength of
P(BA-AA-Ad(x)) (Table S4, Supporting Information).

3.2. Interfacial Structure via NR and Interdiffusion of Polyers with
Host-Guest Complexes

NR measurements were conducted for a quantitative analysis of

polymer diffusion behavior at the adhesion interface using model
polymers optimized for NR analysis. Spin-coated bilayer films on
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Figure 3. a) Procedure of tensile tests for evaluation of adhesion strength. b) Snapshots of the tensile tests of adhesion specimens. c) Stress—Strain
curves, d) adhesion strength, and e) toughness compared with P(BA-AA-Ad(0))/P(BA-AA-BCD) and P(BA-AA-Ad(2))/P(BA-AA-BCD) specimens after
annealing at 25 °C and 80 °C. f) Annealing time and g) temperature dependence of adhesion strength of P(BA-AA-Ad(2))/P(BA-AA-SCD). h) The x
dependence of adhesion strength. The black dashed line in panel (f) is guided to the eye. The black dotted line in panel g) is the intrinsic tensile strength

value of P(BA-AA-Ad(2)).

the Si substrate were prepared to measure the interfacial width
between the host and guest polymers (Figure 4a). The flotation
method was employed to fabricate bilayer films to detect sub-
tle changes in the interfacial width.[*>#¢] Figure S23 (Support-
ing Information) shows detailed procedures for preparing the
bilayer films. The NR technique allows for the evaluation of in-
terfacial width at the polymer/polymer interface by selectively

Adv. Mater. 2025, €07939 e07939 (5 of 12)

deuterating one of the polymers.**] Figure 4b presents the
schematic of bilayer films, consisting of a 50 nm thick of P(MMA-
H) at the bottom layer and a 100 nm thick of P(d;MMA-G) at
the top layer. It is well known that substrate and chain confine-
ment effects significantly influence when the thickness is below
~3R,, where R, denotes the radius of gyration of the polymer
chain. -4
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Figure 4. a) Optical image of bilayer films for NR measurements. b) Cross-section and c) model (b/V) profile for the NR analysis. d) NR curves and e)
volume fraction distribution of the deuterated polymer (®p (z)) of the P(dgMMA-G)/P(MMA-H) bilayer films after annealing at various temperatures.
The gray highlight represents the interfacial width. f) Annealing temperature dependence of the interfacial width. g) Schematic image of the adhesion

interface. The complexes formed at the interface are indicated in red.

In this study, we assumed that these effects would not influ-
ence interdiffusion behavior at the selected film thickness. The
initial thickness of each layer before annealing was determined
via X-ray reflectivity (XR) measurements (Figure S24, Support-
ing Information). The model neutron scattering length density
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(b/ V) profile used for fitting the NR curves is shown in Figure 4c
and plotted as a function of the perpendicular distance (z) from
the interface between the Si substrate and the native oxide layer.
Assuming symmetric polymer interdiffusion, the (b/ V) profile at
the P(MMA-H)/P(dyMMA-G) interface was described by an error
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function(26°55¢] and the interfacial width value was defined as the

standard deviation of the error function.

Simulations of the NR curve based on the model (b/V) pro-
file (Figure 4c) were conducted to predict the impact of increas-
ing the interfacial width on the NR curves (Figure S25, Support-
ing Information). The amplitude of the Kiessig fringes was an-
ticipated to diminish with increasing interfacial width. The NR
curves for the P(dyMMA-G)/P(MMA-H) bilayer films annealed
at temperatures above T, for 24 h (Figure 4d). Experimental data
are depicted as symbols, while solid lines represent the best-fit
calculated reflectivity based on the model (b/V) profiles (Figures
$26,5S27, Supporting Information). The detailed fitting parame-
ters for all samples are summarized in Tables S5-S12 (Support-
ing Information). The calculated NR curves demonstrated good
agreement with the experimental data, suggesting that the model
(b V) profiles accurately reflect the compositional distribution in
the film along the axis normal to the interface. As predicted from
the simulations, the amplitude of the Kiessig fringes in the ex-
perimental data diminished with increasing annealing temper-
ature, indicating an increase in interfacial width. Figure 4e il-
lustrates the volume fraction distribution of the deuterated poly-
mer (Pp(2)) at the P(MMA-H)/P(d;MMA-G) interface, calculated
from the model (b/V) profiles at each annealing temperature
(Equation S1, Supporting InformationSupporting Information).
The horizontal axis represents the distance z — z*, relative to
the total thickness of the native oxide and the P(MMA-H) layer,
where z* denotes the position of P(MMA-H)/P(dsMMA-G) in-
terface. The interface became increasingly diffuse with higher
annealing temperature. Figure 4f shows the annealing temper-
ature dependence of interfacial width. The interfacial width of
P(dsMMA-G)/P(MMA-H) bilayer expanded with rising anneal-
ing temperature due to enhanced interdiffusion, reaching a value
of 24.4 nm at 200 °C. This interfacial width value was comparable
to that typically observed in the welding of glassy polymers.[?7:28]

Comparing the interfacial width value with and without the
guest molecular elucidated the influence of complex formation
at the interface on the interdiffusion of polymers (Figure 4f). The
horizontal axis shows the annealing temperature (T) relative to
the T, of P(d;MMA-G) and Pd;MMA, respectively. In the absence
of the guest molecule, no host—guest complexes formed at the
interface between P(MMA-H) and Pd;MMA. Near T, (120 °C
and 140 °C), the interfacial width of Pd;MMA/P(MMA-H) was
slightly larger than that of P(d;MMA-G)/P(MMA-H) due to the
lower T, of PdgMMA (3.7 °C lower) and its higher segmental
mobility. At elevated annealing temperatures (180 °C and 200
°C), the interfacial width of P(d;MMA-G)/P(MMA-H) was signif-
icantly smaller than that of Pd;MMA/P(MMA-H). The reversible
bonds present in the side chains delay terminal relaxation be-
yond the lifetime of the reversible bond while increasing the
self-diffusion coefficient (D) of the polymer.”’*! Consequently,
the host-guest complex formation at the interface hindered poly-
mer interdiffusion, resulting in a reduced interfacial width for
P(d;MMA-G)/P(MMA-H). The D, of polymers were estimated
from the MD simulation (Figures S28-S32, Supporting Infor-
mation). Two polymer models based on MMA were prepared
for comparison: PMMA-H/PMMA-G and PMMA-H/PMMA. No
clear difference of the D, values of PMMA-H/PMMA-G and
PMMA-H/PMMA below or near T,. In contrast, above T,, the D;
values of PMMA-H/PMMA-G were significantly lower than those
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of PMMA-H/PMMA. A lower D, value corresponds to slower dif-
fusion, resulting in a smaller interfacial width at the same an-
nealing temperature. Thus, the simulation predictions qualita-
tivily agree with the experimental results for the interfacial width
(Figure 3f).

This reduced interfacial width aligns with the observation that
the enhanced adhesion strength between P(BA-AA-Ad(2))/P(BA-
AA-BCD) arises from not only polymer interdiffusion but also
from complex formation at the adhesion interface.

Finally, we compared the interfacial width of P(dgMMA-
Ad)/P(MMA-SCD) and the adhesion strength of P(BA-AA-
Ad(2))/P(BA-AA-BCD) (Figure 3g) to examine the correlation be-
tween interfacial structure and adhesion strength. Both the in-
terfacial width and adhesion strength increased with higher an-
nealing temperatures within the temperature range studied. Ele-
vated annealing temperatures enhanced polymer interdiffusion,
broadening the interfacial region where host and guest polymers
interpenetrated. This broader interface promoted the formation
of host-guest complexes, leading to increased adhesion strength
(Figure 4g).

3.3. Reusable and Dismantlable Adhesions

Adhesion techniques that allow repeated sticking and peeling
are in high demand for industrial applications. The adhesion
of P(BA-AA-ACD) and P(BA-AA-Ad(x)) demonstrated reusabil-
ity through the reversible formation of host-guest complexes at
the adhesion interface. Figure 5a shows the experimental pro-
cedure to evaluate this repeatability. Initially, the adhesion test
specimen underwent a tensile test. When the specimen broke
at the adhesion interface, the separated pieces were reattached,
and annealed at 80 °C for 24 h, and subjected to a second tensile
test. This cycle of re-adhesion and tensile testing was repeated
five times. The S-S curves of the P(BA-AA-Ad(2)/P(BA-AA-SCD)
for each cycle are displayed in Figure 5b, showing nearly iden-
tical shapes across cycles. The adhesion strength and toughness
derived from these S-S curves (Figure $33, Supporting Informa-
tion) are presented in Figure 5c¢,d, respectively. The recovery ra-
tio of adhesion strength remained between 78% and 94%, while
that of toughness was between 79% and 87%. These results in-
dicate that the host-guest complex-based adhesion system main-
tains its adhesive performance over multiple cycles. Modulating
the thermal mobility of polymers facilitated the association and
dissociation of host—guest complexes at the interface, enabling
repeatable adhesion. However, the adhesion strength depends
on the T, of polymers. Altering T, influences both the complex
formation behavior and mechanical properties, emphasizing the
need to optimize T, based on the intended adhesion strength
and function. These adhesion materials show potential for use in
temporary fixing adhesions during electronic devices manufac-
turing. Additionally, annealing at higher temperatures can be em-
ployed to enhance adhesion strength when a more robust bond is
needed.

The adhesion of P(BA-AA-pCD) and P(BA-AA-Ad(x)) can
be easily dismantled using a chemical stimulus. Chemical in-
hibitors were introduced at the adhesion interface to cleave
the host-guest complexes (Figure 6a left). Water (H,0), chlo-
roform (CHCL,), and toluene were used as inhibitors. Toluene
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Figure 5. a) Experimental procedure of reusability. b) Stress—Strain curves, c) adhesion strength, and d) toughness of the adhesion specimens with
P(BA-AA-BCD) and P(BA-AA-Ad(2)) at each cycle number. The figure in brackets means the recovery ratio based on the pristine value.

and other aromatic molecules can be encapsulated in the fCD
cavity. The high molecular mobility of small molecules com-
pared to the Ad molecules anchored to the side chain enables
the formation of new complexes between SCD and toluene,
which cleaves the reversible bonds between fCD and Ad at the
adhesion interface. While H,0 and CHCI, dissolve the poly-
mers at the adhesion interface, they do not inhibit complex for-
mation. The S-S curves of P(BA-AA-Ad(2))/P(BA-AA-pCD) af-
ter applying the inhibitors to the adhesion interface are shown
in Figure 6b and Figure S34 (Supporting Information). Drop-
ping H,0 and CHCI, reduced the adhesiveness of P(BA-AA-
Ad(2))/P(BA-AA-SCD). The changes in adhesion strength and
toughness after applying the inhibitors are shown in Figure 6¢,d.
The figures in brackets represent the reduction ratio of adhesion
strength and toughness after applying the inhibitors relative to
pristine values. With H,O and CHCL,, the adhesion strength de-
creased to 41% and 46%, respectively. However, adding toluene
resulted in a dramatic reduction of adhesion strength to 15%.
A similar trend was observed for toughness when toluene was
applied. These results suggest that by adding the appropri-
ate chemical inhibitor, the host-guest complexes at the adhe-
sion interface can be dissociated, enabling easily dismantling of
the bond. These findings indicate that adhesion strength and
provides a useful method for reversible adhesion in various
applications.
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Removal of the inhibitor from the adhesion interface enabled
the re-adhesion of P(BA-AA-Ad(2))/P(BA-AA-BCD) as shown in
Figure 6a, right. The volatile inhibitors, such as toluene, were
eliminated by annealing or vacuum drying. The S-S curves for
P(BA-AA-Ad(2))/P(BA-AA-BCD) after removing the inhibitors
are shown in Figures 6e and S35 (Supporting Information). The
elongation of adhesion specimens returned to the pristine level
upon removal of the inhibitor, indicating that the adhesion prop-
erties were regained. The changes in adhesion strength and
toughness after removing the inhibitors are shown in Figure 6f,g.
The values in parentheses represent the recovery ratio of adhe-
sion strength and toughness based on pristine values. When ap-
plying toluene as an inhibitor, the adhesion strength decreased
significantly. However, after removing toluene, the adhesion
strength was restored to 63% by annealing and 76% by vacuum
drying. A similar trend was observed in the recovery of toughness
after removing toluene.

The complex formation at the adhesion interface was success-
fully modulated by the addition and removal of the inhibitor, en-
abling easy dismantling via chemical stimuli. The appropriate in-
hibitor to dissociate the complexes dramatically decreased the ad-
hesion strength, and the adhesion strength was restored by the
removal of the inhibitor. These findings demonstrate the poten-
tial of this approach for the on-demand disassembly of the adhe-
sion systems and reuse of substrate materials.
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Figure 6. a) Experimental procedure of stimuli responsibility. b) Stress-Strain curves, c) adhesion strength, and d) toughness of the adhesion specimen
with P(BA-AA-SCD) and P(BA-AA-Ad(2)) dismantling by the inhibitor. e) Stress—Strain curves, f) adhesion strength, and g) toughness of the adhesion
specimen with P(BA-AA-BCD) and P(BA-AA-Ad(2)) in re-adhesion by removal of the inhibitor. The figure in brackets means the reduction and recovery

ratio based on the pristine value.

4, Conclusion

In this study, we developed a reusable and dismantlable adhe-
sion system by integrating reversible host—guest interactions and
polymer interdiffusion at the adhesion interface. By tuning the
T, of the polymers, we were able to modulate segmental mobility
and thereby enhance the recombination of reversible bonds and
the diffusion of polymer chains across the interface. The associa-
tion and dissociation of the host—guest complexes were success-
fully controlled through thermal and chemical stimuli, enabling
both repeatable and on-demand dismantlable adhesion.

NR measurements, combined with deuterium labeling, al-
lowed for quantitative analysis of the interfacial width, which

Adv. Mater. 2025, €07939 e07939 (9 of 12)

increased with annealing temperature and reached 24.4 nm af-
ter 24 h at 200 °C. Notably, although the presence of reversible
bonds hindered polymer interdiffusion and resulted in a thin-
ner interface, the overall adhesion strength was enhanced due to
the formation of reversible bonds at the interface. Furthermore,
the application and subsequent removal of a chemical inhibitor
demonstrated that adhesion strength could be reversibly modu-
lated through complex dissociation and reformation.

These findings provide fundamental insights into the interplay
between reversible bonding and polymer diffusion in adhesion
systems and establish practical design principles for the develop-
ment of sustainable, reusable, and dismantlable adhesive mate-
rials. Such systems are expected to find significant applications
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in fields requiring temporary or reconfigurable adhesion, includ-
ing automotive manufacturing, electronic device fabrication, and
circular materials engineering.

5. Experimental Section

Materials:  BA, AA, MMA, phenyl bis(2,4,6-trimethyl  ben-
zoyl)phosphine oxide (BAPO), 2,2'-Azobis(isobutyronitrile) (AIBN),
toluene, THF, and chloroform were purchased from Nacalai Tesque
Inc. TAcBCDMAAm was purchased from Kyoeisha Chemical Co., Ltd.
Ad and AdMA were purchased from Osaka Organic Chemical Industry
Ltd. dgMMA was purchased from Polymer Source. Inc. CDCl; stabilized
with silver foil with 0.03% tetramethylsilane (TMS) was purchased from
Eurisotop. MMA was purified by passing over a short column of activated
basic alumina to remove the polymerization inhibitor and dried in a
molecular sieve. Other reagents were used as received. De-ionized water
was obtained by Milli-Q system, MilliporeSigma.

Methods—1H NMR Spectroscopy: Pro'H NMR spectra were recorded
in CDCl; at 30 °C with a JEOL ECZR ECA500 NMR spectrometer at
500 MHz. Chemical shifts were referenced to an internal standard for TMS
(6 =0ppm).

Methods—GPC: GPC measurements were performed using HLC-
8420GPC EcoSEC (Tosoh Co.) with THF as eluent at 40 °C with two
columns (Tosoh TSK gel SuperHZM-N x2). A refractive index detector was
utilized to determine M,,, M,,, and M,,/M,. The molecular weights were
estimated from a calibration curve measured for polystyrene (PS) stan-
dards (Tosoh Co.).

Methods—DSC: T, of polymers was measured by DSC200 and
DSC7020 system (Hitachi High-Technologies Co.) with N, gas flow (50
mL mi~'n). For P(BA-AA-fCD) and P(BA-AA-Ad(x)) polymers, the tem-
perature increased to 50 °C in the first heating scan at the heating rate of
10 °C/min to remove thermal history in advance, then decreased from 50
°C to —80 °C at the cooling rate of 5 °C/min and increased from —80 °C to
50 °Cin the second heating scan at the same heating rate. For P(MMA-H),
PdgMMA, and P(dgMMA-G) polymers, the temperature increased from 30
°C to 200 °C in the first heating scan at the heating rate of 10 °C/min to
remove thermal history in advance, then decreased from 200 °C to 30 °C at
the cooling rate of 5 °C/min and increased from 30 °C to 200 °C in the sec-
ond heating scan at the same heating rate. The T, value was determined as
the middle point of the onset and offset temperatures of the baseline shift
upon glass transition at the second heating scan and was measured three
times for each polymer. The average of these measurements was taken as
the T, value, and the standard deviation was used as the uncertainty.

Methods—Tensile Test:  Tensile tests of the polymers were performed
by using Autograph AG-X plus (Shimadzu Co.). Engineering stress and
strain were recorded at a deformation rate of 1 mm s~'. The dimension
of the adhesion specimen for the tensile test is shown in Figure S36 (Sup-
porting Information). The adhesion specimen was prepared by sandwich-
ing one guest polymer piece between two host polymer pieces. Adhesion
strength was defined as the stress at rupture. Toughness was determined
as the area between the S-S curve and the strain axes.

Methods—NR: A neutron reflectometry experiment was conducted
using Soft Interface Analyzer (SOFIA) at BL16,15061] Materials and Life Sci-
ence Facility, Japan Proton Accelerator Research Complex (J-PARC), Tokai,
Ibaraki, Japan and Multilayer Interferometer and reflectometer for Neu-
trons (C3-1-2, MINE) at Japan Research Reactor-3 (JRR-3), Tokai, Ibaraki,
Japan. Specular reflectivity was measured from the bilayer films on a 3-
inch Si substrate, with incident neutron angles (6) and wavelength (4) set
to # = 0.30°, 0.70°, and 1.80° with 1 = 0.20-0.88 nm for SOFIA, and 6
= 0.5°-5° with 1 = 0.88 nm for MINE. The beam footprint was chosen
from the fully covered areas and set to 20 mm in width and 30 mm in
length. The neutron momentum transfer perpendicular to the interface
(9,) was defined as q, = (4z/A)sinf. Neutron incidence was directed from
the free surface. The scattering density (b/V) profile normal to the sub-
strate surface was computed by fitting the reflectivity spectra using the
MOTOFIT program.[62] Reflectivity spectra were fitted with a multilayer
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model comprising silicon, native oxide, P(MMA-H), and the deuterated
polymer (P(dgMMA-G) or PdgMMA). The (b/V) values of silicon, native
oxide, P(MMA-H), P(dgMMA-G), and PdsMMA were 2.07 x 10~, 3.47
x 1074, 1.29 x 1074, 6.35 x 1074, and 6.45 x 107* nm~2, respectively.
The thickness of each layer was predetermined through X-ray reflectivity

measurements. The interfacial width was defined as a\/ﬂ, where ¢ is a
parameter indicating interfacial roughness between host and guest poly-
mers, and obtained by fitting the NR curves with an error function profile
implemented in the MOTOFIT program. ¢ is the standard deviation of
the Gaussian function. The detailed fitting parameters for all samples are
summarized in Tables S5-12 (Supporting Information).

Methods—XR:  XR measurements were performed by Automated Mul-
tipurpose X-ray Diffractometer (SmartLab, Rigaku holdings Co.). X-ray was
produced by a Cu Ka radiation (A = 0.154 nm) at 45 keV and 200 mA. The
XR curves were recorded between 20 = 0.01° and 2°. The thickness of poly-
mer films on the Si substrate were determined by fitting analysis based on
the model density (p) profile of the samples.

Methods—MD Simulation: ~All-atom MD simulations were performed
to investigate the mechanical properties and D, of polymers with re-
versible bonds. All models were created in Materials Studio software
(BIOVIA Inc.). All MD simulations were carried out using the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software
package.[®3]

In this study, the Consistent Valence Force Field (CVFF) was employed
to describe the interatomic interactions.[5%3] The non-bonded interac-
tions consist of van der Waals forces and electrostatic interactions. The
van der Waals interactions were modeled using the Lennard—Jones (L]) 12—
6 potential.I®] Electrostatic interactions were treated using the Particle—
Particle Particle-Mesh (PPPM) method to efficiently handle long-range
Coulombic forces. All simulations were performed under periodic bound-
ary conditions to ensure the homogeneity and physical validity of the sys-
tem. Details of the force field used in the MD simulation are described in
Supporting Information (Equations S2-S7, Supporting Information).

In uniaxial tensile simulations, two models of PMMA-H/PMMA-G and
PMMA/PMMA were prepared to compare mechanical properties. The all-
atom model of PMMA-H/PMMA-G consisted of 10 PMMA-H chains (De-
gree of polymerization (N) = 50, molar ratio of host molecules = 2 mol%)
and 10 PMMA-G chains (N = 50, molar ratio of guest molecules = 4
mol%), for a total of 20 linear chains. In addition, the ratio of complex
formation of host and guest molecules (c) in the model was set to 0%
or 100% to compare the effects of the complex formation on mechanical
properties. The all-atom model of PMMA/PMMA consisted of 20 PMMA
chains (N = 50). The chemical structure of polymers consisted MMA,
TAcSCDMAm as a host molecule, and AdMA as a guest molecule. The
uniaxial tension was carried out under the NPT ensemble with a tensile
rate of 1 x 107 s~ to obtain the stress (¢) — strain (¢) curve.

In diffusion simulations, two models of PMMA-H/PMMA-G and
PMMA-H/PMMA were prepared to confirm the effects of reversible bonds
on Ds. The all-atom model of PMMA-H/PMMA-G consisted of 10 PMMA-
H chains (N =50, molar ratio of host molecules = 2 mol%) and 10 PMMA-
G chains (N = 50, molar ratio of guest molecules = 4 mol%), for a total
of 20 linear chains with ¢ = 100%. The all-atom model without of PMMA-
H/PMMA consisted of 10 PMMA-H chains (N = 50, molar ratio of host
molecules = 2 mol%) and 10 PMMA chains (N = 50), for a total of 20 lin-
ear chains. The D values were calculated as a mean-square displacement
(MSD)!%®! for all atoms at various temperatures from 300 K to 500 K as
follows.

N

MSD () = 3 |1 (0 =, (O D)
i=1
dMSD

here, N, r;, and t represent a degree of polymerization, an atomic posion,
and time, respectively.
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