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Fully recyclable multifunctional adhesive with high
durability, transparency, flame retardancy, and harsh-
environment resistance
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Recyclable/reversible adhesives have attracted growing attention for sustainability and intelligence but suffer
from low adhesion strength and poor durability in complex conditions. Here, we demonstrate an aromatic silox-
ane adhesive that exploits stimuli-responsive reversible assembly driven by π-π stacking, allowing for elimina-
tion and activation of interfacial interactions via infiltration-volatilization of ethanol. The robust cohesive energy
from water-insensitive siloxane assembly enables durable strong adhesion (3.5 MPa shear strength on glasses)
on diverse surfaces. Long-term adhesion performances are realized in underwater, salt, and acid/alkali solutions
(pH 1-14) and at low/high temperatures (−10-90°C). With reversible assembly/disassembly, the adhesive is
closed-loop recycled (~100%) and reused over 100 times without adhesion loss. Furthermore, the adhesive
has unique combinations of high transparency (~98% in the visible light region of 400-800 nm) and flame re-
tardancy. The experiments and theoretical calculations reveal the corresponding mechanism at the molecular
level. This π-π stacking–driven siloxane assembly strategy opens up an avenue for high-performance adhesives
with circular life and multifunctional integration.
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INTRODUCTION
Adhesives, as important and essential materials, have been widely
used in daily life and industry (1–5). The demand for adhesives
has grown substantially over the past few decades. In 2021,
China’s adhesive production reached 7.09 million tons. However,
the adhesives used in large quantities end up as garbage, causing
serious environmental problems and waste of resources (6). In par-
ticular, because of the stable cross-linked structure and strong inter-
facial interaction, conventional commercial adhesives, such as
epoxy and polyurethane resins (7, 8), are difficult to remove from
the surface of the bonded substrate after the end of their service
life. Consequently, the disposal of massive waste adhesives and
their binding substances will be a headache for the future (9).
There is an urgent need to develop sustainable adhesives that can
be recycled without complex handling.

Developing reversible adhesives that allow full recycling is an at-
tractive strategy for their sustainability (10). Recently, several ad-
vances have been made in the preparation of reversible adhesives,
including the introduction of stimuli-responsive functional
groups (e.g., temperature and photoisomerization groups) (11–
15), dynamic covalent bonding (e.g., disulfide and Diels-Alder
bonds) (16–18), and dynamic noncovalent interactions (e.g., supra-
molecular interactions and hydrogen bonds) into the molecular
structure (19–21). For instance, azobenzene derivatives can be
used to fabricate reversible adhesives via phase transitions triggered
by green light (13). In another study, the designed ionogel adhesive
exhibited reversible and reusable properties because of interfacial

supramolecular interactions and well-tuned viscoelasticity (22).
Despite much progress, however, most of the reported reversible ad-
hesives suffer from low bond strength and poor durability, especial-
ly under harsh conditions, seriously limiting their long-term
applications in high-humidity, underwater, or cold/hot environ-
ments (23, 24). A major challenge in adhesion science is to design
and prepare completely recyclable adhesives with robust and
durable adhesion performances in harsh environments.

In addition, multifunctionality, such as transparency and flame
retardancy, is a key requirement for reversible adhesives in many
specific applications. For example, bonding of devices for optical
applications often needs to maintain high transparency (25, 26),
while adhesives for electronic device applications often require
high flame retardancy to reduce potential fire risks (27). Unfortu-
nately, there are few reports on reversible adhesives with multifunc-
tion, probably because of the lack of suitable material design and
construction methods. Therefore, reversible/recyclable adhesives
with robust adhesion strength, excellent durability, high transparen-
cy, and flame retardancy are appealing and have the potential to
make great contributions in various fields.

Poly(organosiloxane)-based materials, characterized by antiag-
ing properties, low surface energy, and moist heat tolerance (28),
may be a preferential choice for multifunctional adhesives with
harsh-condition resistance. Conventional silicone glues are still dif-
ficult to reverse because of the covalently cross-linked network of
Si─O─Si with high bond energy (534 kJ mol−1) (29). Taking advan-
tage of multiple noncovalent interactions, poly(organosiloxane)-
based supramolecular materials with reversible cross-linking have
been developed with unique properties such as intrinsic healing,
stimuli responsiveness, and transparency, which are promising in
artificial skin (30, 31), as well as advanced coatings (32–34).
However, in terms of adhesive applications, current reversible pol-
y(organosiloxane)-based materials are hindered by unsatisfactory
bonding strength and weak underwater adhesion (35, 36). How to
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construct reversible poly(organosiloxane)-based adhesives with
specific conditional responses for closed-loop cycling under mild
conditions is still unknown.

Here, we demonstrate the development of reversible multifunc-
tional poly(organosiloxane)-based adhesives with important but
rarely reported combined advantages including completely
closed-loop recycling, strong underwater bonding strength, high
durability, transparency, and resistance to harsh environments. In
our scheme, a P-doped aromatic siloxane derivative is designed to
prepare the multifunctional adhesive that can reversibly self-assem-
ble in an orderly manner on the substrate surface driven by π-π
stacking. The resulting adhesive shows strong and durable adhesion
(up to 3.5 MPa) on various materials because of the robust cohesive
energy caused by water-insensitive π-π interactions. Even in harsh
conditions of salt/acid/base solutions (pH 1 to 14) and a wide tem-
perature range (−10° to 90°C), the strong adhesion effect can be
maintained for a long time without decay. The adhesives can be
completely closed-loop recycled and reused more than 100 times,
which is realized by the repeated assembly/disassembly of adhesive
through simple infiltration-volatilization in ethanol. In addition,
the adhesive has high transparency with 98% light transmittance
and excellent flame retardancy. This work will greatly inspire the
next generation of sustainable adhesives with full recyclability and
multifunctionality.

RESULTS
Preparation and characterization
In the design of the adhesive structure, low surface energy poly(or-
ganosiloxane) is used as a durable and water-resistant cross-linked

backbone, while phosphorus-containing aromatic pendant groups
provide π-π interaction sites for further self-assembly. As shown
in Fig. 1A, we started with the synthesis of the functional monomers
(DPOP-Si) from a one-step facile addition reaction between trie-
thoxyvinylsilane (VTES) and diphenylphosphine oxide (DPOP)
(37). Subsequently, the assembly precursor of the multifunctional
adhesive [P(DPOP-Si)] was obtained by the hydrolysis condensa-
tion reaction of DPOP-Si in an ethanol/water medium with
overall yields of >90%. Their chemical structures were confirmed
by 1H nuclear magnetic resonance (NMR) (fig. S1) and Fourier
transform infrared (FTIR) (fig. S2) spectra, and more detailed anal-
yses are listed in the SupplementaryMaterials. Last, the P(DPOP-Si)
precursor with a relatively low degree of condensation can be dis-
solved in ethanol to form nanomicelles (~4 nm; fig. S3), which, in
turn, are used as binders for various substrates. During further
ethanol volatilization, P(DPOP-Si) nanomicelles assemble
through π-π interactions, providing strong cohesive energy
(Fig. 1B). The corresponding mechanism in detail will be described
in the “Mechanism for reversible strong adhesion” section.

The resultant P(DPOP-Si) adhesive is colorless and highly trans-
parent. As observed in Fig. 1C (inset digital picture) and fig. S4A,
the glass loaded with ~400- to 500-μm-thick adhesives showed
equivalent transparency to the pristine one in naked eye vision.
After loading with P(DPOP-Si), the transmittance of the glass
only slightly decreased in the visible wavelength range of 400 to
800 nm. Note that, excluding the influence of glass, the P(DPOP-
Si) adhesive exhibited a light transmittance as high as 98% and a
low haze of only ~2.5%, much superior to previously reported
values (table S2) (13, 15, 23, 36, 38). This high transparency is prob-
ably due to the ordered assembly of P(DPOP-Si). The top surface

Fig. 1. Preparation and assembly of P(DPOP-Si) adhesive. (A) Synthesis route of DPOP-Si and P(DPOP-Si). (B) Illustration of the assembly process of P(DPOP-Si) driven
by π-π interactions during ethanol volatilization. (C) Transparency of P(DPOP-Si) adhesive. (D and E) Cross-sectional SEM and TEM image for P(DPOP-Si) adhesive.
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(fig. S4B) of the adhesive was smooth without phase separation,
while its side cross section (Fig. 1D) showed an ordered, layered,
and stacked microstructure with a thickness of 100 to 300 nm
(39). This layer-by-layer assembly structure was also confirmed by
transmission electron microscopy (TEM) imaging (Fig. 1E). It was
speculated that ethanol volatilization induced the layered assembly
of P(DPOP-Si) driven by directional π-π stacking, which further
contributed to the strong, durable, and reversible adhesion of
P(DPOP-Si).

Strong and durable adhesion performance
Following the procedure in Fig. 2A, the adhesion performances
between various separated substrates bonded by the P(DPOP-Si)
adhesive were monitored in detail (40). Note that the adhesive
with a small contact area (about 2 cm × 1 cm) on the smooth
glass substrate could hold a 1-kg weight easily (Fig. 2B). The
robust microscopic adhesion performance of the P(DPOP-Si) adhe-
sive is attributed to the π-π and van der Waals interactions existing
among the adhesive molecules and the adhesive/substrate interface
(Fig. 2A) (36). The P(DPOP-Si) adhesive was almost invisible

because of the high transparency, resulting in “markless” bonding.
The quantitative shear adhesion strength of the adhesive for several
representative substrates, including glass, steel, wood, polyethylene
terephthalate (PET), and polytetrafluoroethylene (PTFE), was de-
termined. As shown in Fig. 2C and fig. S5, the adhesive exhibited
high adhesion on different substrates in the following order: glass
> steel > wood > PET > PTFE. In addition to the cohesive energy
of the adhesive itself, the adhesion strength is highly related to the
interaction/compatibility at the adhesive/substrate interface. The
P(DPOP-Si) adhesive shows the highest shear adhesion strength
(3.5 MPa) on glass surfaces because of the strong intermolecular in-
teractions and the good compatibility between Si-rich interfaces
(41). As for steel and wood, the adhesion strength is reduced to
1.6 and 1.4 MPa. Even for PTFE with an inert surface where
fewer hydrogen bonding and hydrophobic interactions existed,
the adhesion strength achieved 200 kPa (15, 36). The P(DPOP-Si)
adhesive shows high transparency and broad strong adhesion to
various substrates, comparable to most adhesives reported under
normal conditions.

Fig. 2. Adhesion properties for different substrates and durable adhesion under various harsh environments. (A) Adhesion procedure of P(DPOP-Si) with π-π and
van der Waals interactions. (B) Photograph of P(DPOP-Si) adhesive on glass surfaces holding a 1-kg weight. (C) Shear adhesion strength of P(DPOP-Si) adhesive on various
substrate surfaces (glass, steel, wood, PET, and PTFE). (D) Adhesion stability of P(DPOP-Si) adhesive in a high-humidity environment of 85% RH for 60 days. (E) Adhesion
stability of P(DPOP-Si) adhesive soaked in various solutions with pH values of 1 to 14 and different salt solutions (NaCl, KCl, CaCl2, MgCl2, and FeCl3) for 7 days. (F)
Relationship between the shear adhesion strength and working temperature of the adhesive. (G) Comparison of P(DPOP-Si) adhesive with other reported reversible
adhesives in terms of shear adhesion strength, durability, transparency, reusability, and flame retardancy.
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The P(DPOP-Si) adhesive displays excellent long-term durabil-
ity in a variety of harsh conditions. As observed in Fig. 2D, the
P(DPOP-Si) adhesive maintained stable adhesion on the wood
surface without pronounced decay after being placed in a high-hu-
midity environment of 85% relative humidity (RH) for 60 days. On
account of the practical applications in different aqueous environ-
ments, the adhesion performances of the P(DPOP-Si) adhesive im-
mersed in different ionic salt and pH solutions were further
evaluated. It is known that common reversible adhesives typically
weaken hydrogen bonding/electrostatic interactions in high ionic
strength and acid/base environments (42, 43). The adhesion
strength of P(DPOP-Si) bonded to steel substrates remained
stable (~1.6 MPa) during the 1-week immersion in different salt so-
lutions such as NaCl, KCl, CaCl2, MgCl2, and FeCl3. Even after one
weak immersion in solutions with pH values ranging from 1 to 14,
the bonded steel substrate still maintained the original strong adhe-
sion. The excellent durability to different harsh water environments
can be attributed to the stable self-assembly of P(DPOP-Si) driven
by water-insensitive π-π stacking. In addition, most of the reported
reversible adhesives may fail under high/low-temperature condi-
tions, which will greatly limit their practical applications.
However, the P(DPOP-Si) adhesive can work stably with strong ad-
hesion over a wide temperature range (−10° to 90°C), which is con-
ducive to long-term use in hot/cold environments (Fig. 2F). Beyond
the working temperature range, the π-π stacking interactions of
P(DPOP-Si) are disrupted, resulting in a decrease in bond strength.
To further reveal the stability of the P(DPOP-Si) adhesive against
different chemical environments, dissolution/micelle size experi-
ments with a variety of different typical solvents were performed.
As shown in fig. S6, P(DPOP-Si) rapidly transformed into homoge-
neous nanomicelles in strong polar solvents such as butanol,
hexanol, acetone, tetrahydrofuran (THF), dimethyl sulfoxide
(DMSO), and trichloromethane (TCM). Moreover, the diameters
of the nanomicelles were in the range of 2 to 30 nm. In contrast,
similar to water resistance, the P(DPOP-Si) binder was completely
insoluble in low-polarity organic solvents [toluene, n-hexane, and
petroleum ether (PE)] and exhibited excellent resistance. This phe-
nomenon can be attributed to the cohesive energy of water-insen-
sitive siloxane assemblies driven by π-π stacking, which is stable for
low-polarity organic solvents but not for strong-polarity organic
solvents. Consequently, the P(DPOP-Si) adhesive exhibits high du-
rability in water, toluene, n-hexane, and PE and can be recycled with
the help of strong polar organic solvents. The excellent resistance to
harsh conditions of high humidity, underwater and salt/acid/alkali
solutions, and low/high temperatures enables the P(DPOP-Si) ad-
hesive to handle complex application environments.

Completely reversible/recyclable performance
The reversibility/recyclability of adhesives is a fascinating feature to
effectively alleviate serious environmental problems and waste of re-
sources (44). Despite strong and durable adhesion in water or even
under harsh conditions, we found that the P(DPOP-Si) adhesive
could be easily removed from substrates by simply rinsing or
soaking in ethanol solvents along with the disassembly process
(Fig. 3A). This result suggests that P(DPOP-Si) is applicable as a
completely reversible/recyclable underwater adhesive that can be
reused repeatedly through ethanol-induced reversible self-assem-
bly/disassembly. As described in Fig. 3B, the P(DPOP-Si) adhesive
loaded in a petri dish could be freely infiltrated by ethanol at

ambient temperature within a short time, then transformed into ho-
mogeneous colorless and transparent nanomicelles, and completely
re-adhered on the dish after ethanol volatilization. To further verify
the special infiltration in ethanol but excellent durability against
water, the P(DPOP-Si) adhesive was directly incubated in ethanol
and water for 7 days (Fig. 3C). In ethanol medium, the P(DPOP-
Si) adhesive was dissociated rapidly to form a homogeneous solu-
tion with a 100% percentage. In contrast to the water medium, the
dissolved percentage of the P(DPOP-Si) adhesive nearly remained
unchanged (down to 0) after 7 days of immersion.

For macroscopic adhesion, the P(DPOP-Si) adhesive also exhib-
ited both rapid reversibility/recyclability and excellent durability. As
shown in Fig. 3D, two separated glass substrates bonded by the
P(DPOP-Si) adhesive were stable enough to carry a weight of 200
g when immersed in water for 10 days. In contrast, after immersion
in ethanol, it fell off quickly within 43 s due to transformation to a
dissolved state, exhibiting sensitive responsiveness. Similarly, the
P(DPOP-Si) adhesive can be completely recycled and repeatedly
reused on a variety of substrates. We further evaluated the recy-
cling-reusing stability of P(DPOP-Si) by reversibly adhering to
rough wood surfaces, where the adhesive is relatively difficult to
recycle. Figure 3E and fig. S7 show that the adhesive strength re-
mained stable without obvious decay during the 100 cycles of adhe-
sion. In particular, it was able to maintain an ideal recycling rate of
up to 100% in perpetuity, revealing the characteristics of complete
closed-loop recycling of the P(DPOP-Si) adhesive. The whole recy-
cling process did not use toxic solvents and high energy consump-
tion. This green and facile recyclable strategy is highly beneficial to
the sustainable development of adhesives. While maintaining com-
plete reversibility and recyclability, the P(DPOP-Si) adhesive exhib-
its great combined advantages of high adhesion strength, durability,
robust tolerance toward various harsh conditions, transparency,
and flame retardancy, far superior to previous reports (Fig. 2G
and table S2).

Mechanism for reversible strong adhesion
Here, we elucidate the uniquemechanism for recyclable, strong, and
durable adhesion based on reversible assembly/disassembly of
P(DPOP-Si). The key factors include the following: (i) Water-insen-
sitive P(DPOP-Si) can be repeatedly dissolved in ethanol in a disas-
sembly state; (ii) the self-assembly of P(DPOP-Si) can be repeatedly
driven by π-π stacking during ethanol volatilization. It is well known
that cross-linked poly(organosiloxane) adhesives are generally in-
soluble in organic solvents (45). However, in this study, the large
steric hindrance of DPOP may limit the degree of cross-linking
and polymerization of the P(DPOP-Si) adhesive, resulting in high
solubility in ethanol. To confirm this conjecture, we took two pol-
y(organosiloxanes) [named P(OTMS) and P(MTES)] with similar
structures to P(DPOP-Si) and only changed the side groups for
comparative study (Fig. 4A and fig. S8). Both P(OTMS) with
methyl groups and P(MTES) with octyl groups show completely
different dissolution behaviors from P(DPOP-Si) with DPOP
groups. As the volume of the pendant groups increased, the corre-
sponding poly(organosiloxanes) became more compatible with
ethanol. As shown in Fig. 4B, in ethanol, P(OTMS) was directly pre-
cipitated, and P(MTES) was transformed into a gel state with a gel
content of 73.2% and a swelling rate of 222.8% (fig. S9), while
P(DPOP-Si) was dissolved with a colorless and transparent solu-
tion. In addition, the solid-state 29Si NMR was performed to
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analyze the cross-linked structure of P(DPOP-Si) (Fig. 4C). The
ratio of R-Si(OSi)3 and R-Si(OSi)2(OH) was nearly 1:1, confirming
that because of the large steric hindrance of DPOP, a large number
of Si─OH groups do not participate in the cross-linking
condensation.

On the other hand, accompanied by ethanol volatilization, π-π
interactions induced by DPOP groups drive the self-assembly of
P(DPOP-Si), which further contributes to the key strong cohesive
energy of the adhesive. To track this assembly, we simulated its
ethanol volatilization process by preparing different concentrations
of P(DPOP-Si) in the range of 10 to 80%. At concentrations below
60%, all solutions exhibited a similarly clear state (fig. S10A).
P(DPOP-Si) nanomicelles steadily increased from 2.0 to 8.8 nm
with increasing concentration from 10 to 60%. However, when
the concentration was above 60%, the nanomicelles disappeared
and the solution could not flow completely (fig. S10B), indicating
that large-scale assembly occurred. Similarly, the sharp change in
the viscosity in the dynamic rheology also confirmed the macro-
scopic assembly of P(DPOP-Si) caused by ethanol volatilization
(fig. S11).

To further study the π-π interactions during the assembly
process, we performed ultraviolet-visible (UV/Vis) absorption

characterization of P(DPOP-Si) nanomicelles at different concen-
trations (Fig. 4D). With higher concentrations, the intensity of the
absorption peaks for DPOP groups increased notably . In particular,
the obvious blueshift of the phenyl characteristic peaks evidenced
the existence of π-π stacking. When the critical concentration of
60% was reached, two new sharp absorption hillocks emerged at
266 and 261 nm because of strong π-π interactions (46, 47). Com-
bined with the consistent macroscopic viscosity change, these
results demonstrate that π-π stacking promotes the assembly of
P(DPOP-Si) during ethanol volatilization. Note that strong π-π in-
teractions would result in significantly different inhomogeneity of
electron cloud density. Therefore, we used small-angle x-ray scatter-
ing (SAXS) tests to investigate the π-π stacking interactions of the
P(DPOP-Si) adhesive (Fig. 4, E and F). Compared with P(MTES)
and P(OTMS), the SAXS patterns of P(DPOP-Si) showed a much
larger circle-like scattering feature and a stronger sharp scattering
peak intensity, because of the presence of microphase-separated
domains caused by π-π interactions (48, 49). This was also con-
firmed by wide-angle x-ray diffraction tests. In fig. S12, there were
two broad diffraction peaks centered at 13° and 21°, which were at-
tributed to the (2, 0, 0) plane of π-π stacking and amorphous
regions, respectively (50).

Fig. 3. Reversible assembly and reusability of P(DPOP-Si) adhesive. (A) Illustration of the reversible transformation between the assembly state and the disassembly
state for P(DPOP-Si) adhesive. (B) Macroscopic process of the infiltration-volatilization cycle for P(DPOP-Si) adhesive in ethanol. (C) Stability of P(DPOP-Si) adhesive in
ethanol and water for different times. (D) Macroscopic test of adhesion behavior for ethanol response. (E) Adhesion strength of P(DPOP-Si) adhesive after different
reused cycles.
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The first-principles density functional theory (DFT) calculations
were carried out using the dmol3 package to study the interaction
energies of different side groups: methyl, octyl, and DPOP groups in
this study (51, 52). Because the poly(organosiloxanes) with a cross-
linked structure were complex, we optimized the molecular models
as three monomers of methyltriethoxysilane (MTES), trimethox-
y(octyl)silane (OTMS), and DPOP-Si (fig. S13) to analyze the inter-
action energies. As shown in Fig. 4G, the interaction energy of
DPOP-Si (−6.65 kcal/mol) was much stronger than that of MTES
(−0.07 kcal/mol) and OTMS (−2.41 kcal/mol). The bonding force
induced by π-π interactions is significantly enhanced with increas-
ing unsaturated electron content, which will drive the self-assembly
behavior and promote cohesive energy. In summary, according to
theoretical calculations in good agreement with experimental
results, the π-π interaction driving the assembly of P(DPOP-Si) is
the key to reversible strong adhesion.

Recyclable, durable, and flame-retardant coating
application
Because of numerous common characterizations, adhesives can
usually be used as coatings when evenly adhered to substrates on
a large scale (53, 54). Taking advantage of high transparency, excel-
lent durability, recyclability, and film-forming capability, we further
expand the multifunctional application of P(DPOP-Si) as a protec-
tive coating, where its flame retardancy is also evaluated (55). Here,
the substrate is represented by PET polyester fabric, which has the

largest market share in synthetic fabrics. As shown in Fig. 5A,
P(DPOP-Si) can be deposited onto the surface of PET fabrics via
a facile dip-coating process. After being coated, a thin P(DPOP-
Si) film was wrapped around the fibers of the fabric, while the
control PET fibers showed a clean and smooth surface in the scan-
ning electron microscopy (SEM) images (fig. S14). The energy-dis-
persive spectroscopy (EDS) mapping and x-ray photoelectron
spectroscopy (XPS) results further confirmed the highly uniform
coating of P(DPOP-Si) on the PET fibers (fig. S15).

Although polyester fabrics are known to be highly flammable, a
small amount of P(DPOP-Si) coating can impart durability and
high flame retardancy to the fabric, which is investigated by
classic limiting oxygen index (LOI), vertical flame test, and cone cal-
orimetry test (56, 57). As observed in Fig. 5B and table S3, only
under the loading of 7.3 weight % (wt%) of P(DPOP-Si) coating,
the LOI value of the fabric was significantly improved from the pris-
tine 21.5 to 34.5%, showing excellent flame-retardant efficiency.
The vertical flame test results (inset pictures in Fig. 5B) showed
that the control PET fabrics burnt with severe dripping and flame
spread hazards. In contrast, the self-extinguishing performance of
the coated PET fabric was greatly improved with no droplet phe-
nomenon and a reduced damage length (115 mm). Similarly, in
the cone calorimetry test, the control PET fabrics showed a sharp
heat release with a high peak heat release rate (pHRR; Fig. 5C) of
320.0 kW/m2 and a total heat release (THR; fig. S16 and table S4) of
5.7 MJ/m2. The introduction of P(DPOP-Si) coating both reduced

Fig. 4. Mechanism of reversible assembly/disassembly for P(DPOP-Si) adhesive. (A) Illustration of the polymer networks for P(DPOP-Si), P(OTMS), and P(MTES). (B)
Dissolving behaviors of P(DPOP-Si), P(OTMS), and P(MTES) in ethanol. (C) 29Si magic angle spinning NMR spectra of the P(DPOP-Si) network. ppm, parts per million. (D)
UV/Vis spectra of P(DPOP-Si)/ethanol solutions with different concentrations. a.u., arbitrary units. (E and F) One-dimensional (1D) SAXS integral curves and 2D SAXS
patterns for P(MTES), P(OTMS), and P(DPOP-Si). (G) Energy distribution mappings for MTES, OTMS, and DPOP-Si through DFT calculations.
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pHRR and THR values, indicating a broad-scale flame-retardant
protection function from small fire ignition to high-power
thermal radiation. Combined with the increased residue and nu-
merous pore structures after combustion (fig. S17B), the
P(DPOP-Si) coating may accelerate the carbonization of the mate-
rial at high temperatures to form a physical barrier and release in-
combustible gas to slow down the combustion process (54, 58). A
more detailed condense/gas dual-phase flame-retardant mecha-
nism is shown in the Supplementary Materials (figs. S17 to S20).
As the dip-coating process was usually suitable for small batches
of substrates, we further evaluated the method for the large-scale
preparation of coated PET fabrics, which is a key factor in practice.
As observed in fig. S21A, the large-scale coated PET fabric with a
size of 100 cm × 50 cm could be fabricated successfully through a
facile spraying process. As expected, the spray-coated large-size PET
fabric also exhibited excellent durable flame retardancy similar to
those from the dip-coating process (fig. S21B and table S5),
showing great potential for large-scale application.

In particular, P(DPOP-Si) exhibits excellent durability even
when used as a coating. After immersion in water for 10 days (fig.
S22A), the weight of the P(DPOP-Si) coating on the PET fabric
almost remained unchanged (Fig. 5D). Meanwhile, XPS (fig. S23)
and SEM-EDS characterization (fig. S24) indicated that the coatings
maintained stable composition and morphology during soaking in
water. Consequently, the P(DPOP-Si) coating shows great durable
flame retardancy with water resistance, which is important for
flame-retardant coatings but often difficult to achieve. Compared
to the pristine fabric, the coated PET fabric after long-term
soaking exhibited similar self-extinguishing behavior with no
droplet phenomenon and short damage length (around 115 mm;
Fig. 5D, fig. S25, and table S6). For the large-scale coated PET
fabric, the P(DPOP-Si) coating retained similarly high durability.
The coating showed outstanding endurance in a machine washing
simulation test. Even after 50 machine washing cycles, the weight
remaining rate was competitive to be as high as 97.0%, and the
flame retardancy of the fabric survived perfectly from the results
of the vertical flame test (fig. S25 and table S6). The durability of

Fig. 5. Used as protective coatings for P(DPOP-Si) adhesive. (A) Illustration of P(DPOP-Si) used as reversible coatings on PET fabrics. (B) LOI values and digital pho-
tographs after the vertical flame test for the control PET and FRPET. (C) Heat release rate (HRR) curves of the control PET and FRPET. (D) Weight remaining rates for the
coating and the damaged length of FRPET after immersion in water for different days. (E) Desorption kinetics of P(DPOP-Si) coated on PET fabrics. (F) Weight gain (WG)
and recycle rate of P(DPOP-Si) on PET fabrics at different reuse cycles. (G) LOI values and digital photographs of the recoated PET fabrics after the vertical flame tests.
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the P(DPOP-Si) coating showed similar performance in the abra-
sion resistance test (fig. S22B). Even after 50 frication cycles, the
weight retention of the coating was as high as 98.7%, while the mor-
phology, chemical structure, and flame retardancy remained un-
changed (figs. S23, S26, and S27 and table S7). Overall, the
P(DPOP-Si) coating endows the PET fabric with excellent flame-re-
tardant functional durability under various harsh application con-
ditions, which is required for functional fabrics (59, 60). The strong
cohesive energy from water-insensitive siloxane assemblies driven
by π-π stacking ensures the strong adhesion and stability of the
P(DPOP-Si) coating. Further combined with sufficient π-π interac-
tions between the coating and PET fabric with a large number of
phenyl groups, the P(DPOP-Si) coating can endow PET fabric
with excellent long-term functional durability under complex
conditions.

In addition to excellent durability, the closed-loop recycling of
the P(DPOP-Si) coating can be easily achieved, similar to their ad-
hesive applications. As shown in Fig. 5A, the P(DPOP-Si) coating
can be removed from the fabric surface by soaking in ethanol ac-
companied by the disassembly process. The desorption percentage
of the coating quickly reached 100% within 1 hour (Fig. 5E). The
complete removal of the coating from the fabric was further con-
firmed by SEM-EDS mapping results (fig. S28). Subsequently, the
recycling-reusing method was conducted by dipping the ethanol-
washed PET fabric into P(DPOP-Si) nanomicelles according to
the original coating conditions. Over the five recycling cycles, the
P(DPOP-Si) coating consistently exhibited a 100% recovery rate,
and each recoated fabric obtained a coating with similar weight
loading (~11 wt%) and morphology (Fig. 5F and fig. S29). In addi-
tion, the recycled coating endowed the fabric with the same flame
retardancy with an LOI value of 34.0 ± 0.5% and a steady damage
length (120 ± 5 mm) in the vertical flame test during the reused
cycles (Fig. 5G, fig. S30, and table S8). Combining high durability,
transparency, recyclability, and flame retardancy (Fig. 2G), the re-
versibly assembled P(DPOP-Si) provides a new perspective for the
sustainable development of multifunctional integrated adhesives
and coatings, which will show great potential in various fields in
the future.

DISCUSSION
In summary, we demonstrate a completely closed-loop recyclable
aromatic siloxane adhesive that exhibits multiple outstanding ad-
vantages including strong adhesion, excellent durability, various
harsh-condition resistance, transparency, and flame retardancy.
Driven by the π-π stacking of aromatic side groups, the designed
P(DPOP-Si) adhesive can be assembled into an ordered layered mi-
cromorphology on the bonding surface, resulting in high transpar-
ency (98%), low haze (2.5%), and strong cohesive energy.
Consequently, the P(DPOP-Si) adhesive exhibits strong and
durable adhesion (up to 3.5 MPa) on various materials. Notably,
the strong adhesion can be long-term maintained without decay
even in harsh conditions of high humidity (85% RH), in underwa-
ter, salt, and acid/alkali solutions (pH 1 to 14), and at low/high tem-
peratures (−10° to 90°C). By applying infiltration-volatilization of
ethanol, the adhesives can be completely closed-loop recycled
with a 100% recovery rate and reused more than 100 times, where
the repeated assembly/disassembly of P(DPOP-Si) occurs. In addi-
tion, because of the presence of phosphorus, P(DPOP-Si) can be

directly used as a flame-retardant protective coating, imparting
self-extinguishing properties to the polyester fabric while maintain-
ing high transparency, durability, and full recyclability. The corre-
sponding mechanism analysis based on experimental results and
theoretical simulation calculations confirms that the water-insensi-
tive π-π stacking interaction driving the reversible assembly enables
closed-loop recycling and durable strong adhesion of P(DPOP-Si).
This study not only offers a π-π stacking–driven siloxane assembly
strategy to achieve reversible, strong, and durable adhesion in harsh
conditions but also provides new insight into the sustainable devel-
opment of adhesives and coatings with circular life multifunctional
integration.

MATERIALS AND METHODS
Materials
Polyester fabrics (100% PET; 86 g/cm2) were purchased from the
Aotai Textile Sales Company, China. DPOP and VTES were ob-
tained from Shanghai Aladdin Biochemical Technology Co. Ltd.,
China. MTES and OTMS were supplied by Shanghai Aladdin Bio-
chemical Technology Co. Ltd., China. Sodium hydroxide (NaOH)
was obtained from Tianjin Beichenfangzheng Chemical Co. Ltd.,
China. Ethanol (AR), butanol, hexanol, acetone, THF, DMSO,
TCM, toluene, n-hexane, and PE were supplied by Chengdu
Kelong Chemical Co. Ltd., China. All materials were used without
further treatment.

Synthesis of DPOP-Si and P(DPOP-Si) adhesive
DPOP-Si was synthesized via the addition reaction between DPOP
and VTES in a 500-ml three-necked flask equipped with a condens-
er, a mechanical stirrer, and a thermometer. In detail, DPOP (20.2 g,
0.10 mol) and VTES (19.3 g, 0.10 mol) were introduced into a flask
containing 20 ml of TCM. The reaction mixture was heated to 80°C
and stirred for 18 hours under an N2 atmosphere. After removing
the solvent by rotary evaporation, DPOP-Si was obtained with
overall yields of >90%.

The P(DPOP-Si) adhesive was prepared by the hydrolysis-con-
densation reaction of DPOP-Si. Briefly, DPOP-Si was dissolved into
a mixture medium of ethanol/water (v/v; 2:1) with a concentration
of 30% and constantly stirred at 80°C for 8 hours until a homoge-
neous and transparent P(DPOP-Si) precursor was obtained. Then,
most of the solvent was evaporated to achieve the P(DPOP-Si) ad-
hesive for further adhesion application and study.

Preparation of adhesion samples and lap shear tests
According to the standard ASTM F2255, the P(DPOP-Si) adhesive
was first cast on the surface of one substrate with an area of 1 cm × 2
cm. Subsequently, another substrate was pressed on the adhesive
area at a force of approximately 2 N until the adhesive set. After
complete drying, the sample for the adhesion strength measure-
ment was obtained. The lap shear tests were conducted using a uni-
versal testing machine at a strain rate of 5 mm/min.

Recycling-reusing methods for P(DPOP-Si) adhesives on
wood surfaces
A quantity of the P(DPOP-Si) adhesive was first adhered to the
wood substrate. When recovered, the adhesive was treated and dis-
solved with excess ethanol to remove it from the wood surface, re-
sulting in a homogeneous solution. Then, the ethanol was
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evaporated to achieve the recycled P(DPOP-Si) adhesive for the
next adhesion application.

Swelling tests
A certain quality of the P(MTES) gel sample was taken and swelled
in ethanol for 24 hours, followed by extraction at room temperature,
and dried at 80°C. Then, themasses of the original samples (m0), the
swelled extracted samples (ms), and the dried extracted samples
(md) were recorded. The swelling ratio [S (%)] and gel content [G
(%)] were calculated by the following formulas

Sð%Þ ¼
ms

md
� 100%

Gð%Þ ¼
md

m0
� 100%

DFT calculations
The first-principles DFT calculations were carried out using the
dmol3 package. The electron exchange function was calculated
using Perdew-Burke-Ernzerhof described by the generalized gradi-
ent approximation. An all-electron double numerical atomic orbital
augmented by double numerical plus polarization n was used as the
basis set, and DFT semicore pseudo-potentials were used for the in-
teractions between the ion cores. The convergence criteria in total
energy, maximum force, and maximum displacement were set at
10−5 Hartree, 0.002 Hartree/Å, and 0.005 Å, respectively. The elec-
tronic self-consistent field tolerance was set at 10−6 Hartree.

Accordingly, the interaction energy is defined as follows

Eads ¼ E ðtotalÞ � EðaÞ � EðbÞ

where Eads is the adsorption energy of DPOP-Si, MTES, and
VTES; E (total) is the energy of the molecule and itself (DPOP-
DPOP, CH3-CH3, and octyl-octyl); and E (a) and E (b) are the
single-point energies of the molecule.

Fabrication of flame-retardant polyester (PET) fabrics
coated with P(DPOP-Si)
The polyester (PET) fabrics, named control PET, were pretreated as
follows: The PET fabrics were soaked in NaOH solution (5 wt%) at
60°C for 1 hour. After rinsing with deionized water and drying at
80°C for 24 hours, the control PET (pretreated PET fabrics) was
obtained.

Then, the control PET fabric was dipped into a certain concen-
tration P(DPOP-Si) precursor with a material-to-liquid ratio of 1:20
at 60°C for 30 min and dried at 80°C for further hydrolysis-conden-
sation reactions on the fabric surface until a constant weight was
achieved. The weight gain (WG) was calculated by the following
formula: WG (%) = (w1 − w0)/w0 × 100%, where w0 represents
the weight of the control PET fabrics and w1 represents the
weight of the coated fabrics. Here, the coated PET fabrics with
WG of 5.0, 6.0, and 7.3% were obtained by adjusting the concentra-
tion of the P(DPOP-Si) precursor to 5.0, 7.5, and 10.0%, which were
named FRPET-1, FRPET-2, and FRPET-3, respectively. The WG of
the fabric exhibits a high linear correlation with increasing
P(DPOP-Si) concentration (fig. S31 and table S1).

The spraying coating process is used to fabricate large-scale
coated PET fabrics. A 10% concentration of P(DPOP-Si) in

ethanol was transferred into a spray bottle. Subsequently, the
double-sized spraying was conducted from a height of 15 to 20
cm above the PET fabric with a size of 100 cm × 50 cm. The result-
ing fabric was further dried at 80°C. By adjusting the spray time and
program, a coating weight loading of about 11 wt% was achieved.
The large-scale coated PET fabric was named LFRPET.

Desorption of P(DPOP-Si) coatings from PET fabrics
To investigate the desorption behaviors, the coated PET fabrics
(FRPET-3) with a fixed WG of ~7 wt% were soaked in excess
ethanol for different times and then extracted, followed by drying
at 80°C until achieving a constant weight. The desorption was char-
acterized by measuring the percentage of P(DPOP-Si) coatings
removed from the PET fabrics.

Durability tests
To assess the durability against water, the coated PET fabrics
(FRPET-3) and LFRPET were soaked in water for several days.
After that, the fabrics were extracted and dried at 80°C for
2 hours for further study. In addition, the fabrics soaked in water
were named FRPET-3-W and LFRPET-W, respectively.

For the machine washing simulation test, the LFRPET sample
was stirred vigorously in excessive water at 45° ± 2°C at a stirring
speed of 1000 rpm and dried, which was taken as one cycle.
Then, the samples were processed repeatedly for 50 cycles (total
machine wash time of 25 hours). The LFRPET sample after
washing was named LFRPET-MW.

An abrasion resistance test was also used to investigate the dura-
bility of the P(DPOP-Si) coatings. As shown in fig. S22B, a piece of
sandpaper was placed on the coated PET fabrics (FRPET-3) with a
load of 500 g and moved over the entire length along the lengthwise
direction of the fabrics. A back and forth was recorded as one cycle
of abrasion. After 50 cycles, the fabrics were turned over, and
another 50 cycles of abrasion were completed. The sample after
the abrasion resistance test was named FRPET-3-A.

General characterization
FTIR spectra were obtained on a Nicolet 6700 instrument (Thermo
Fisher Scientific Co., USA) with wave numbers ranging from 400 to
4000 cm−1. 1H NMR spectra were obtained on a Bruker AV II 400-
MHz spectrometer (Bruker, Switzerland) using DMSO as the
solvent. Solid-state 29Si NMR investigation was carried out on a
Bruker-600 NMR 600-MHz spectrometer (Avance, Bruker, Switzer-
land). The degree of condensation (DC) was calculated from the
peak areas of T1 [R-Si(OSi)(OH)2], T2 [R-Si(OSi)2(OH)], and T3

[R-Si(OSi)3] based on the following equation:
DC = (T1 + 2T2 + 3T3)/3.

SEM was performed on JSM-7500F (JEOL) at an accelerating
voltage of 15 kV. SEM was coupled with an energy-dispersive x-
ray spectrometer (EDX) to analyze element compositions and dis-
tribution maps. Before the test, the surfaces of the samples were first
coated with a thin layer of gold. TEM images were captured with
JEM-HT7700 (JEOL). UV-Vis spectra of the samples were obtained
on a UV1800 UV-Vis scanning spectrophotometer (Shimadzu,
Japan). Micelle size was measured with Zetasizer Nano ZS
(Malvern). Wide-angle x-ray scattering was examined with a
Philips X’Pert Pro diffractometer at room temperature. The SAXS
experiments were recorded on a Xeuss 2.0 diffractometer. The
shear adhesion strength was investigated by using a SANS universal
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testing machine (CMT 6000). The LOI test was performed on the
HC-2C oxygen index instrument according to the standard
method DIN EN ISO 15025, and the specimen dimensions were
160 mm × 100 mm. A vertical flammability test was carried out
with specimen dimensions of 300 mm × 80 mm on a CZF-3 instru-
ment (Jiangning, China) according to the GB/T 5455-1997 standard
method. The cone calorimeter test was performed with a cone cal-
orimeter at a heat flux of 35 kW/m2 according to the standard
method ISO 5660-1. The sample used for the test was 100
mm × 100 mm × 0.2 mm. Rheological measurements were per-
formed on Discovery HR-2 (TA Instruments, USA) at a fixed tem-
perature of 25°C. Thermogravimetry–infrared spectrometry was
performed with a TA TGA5500 thermogravimetric analyzer that
was linked to a Nicolet iS50 FTIR spectrophotometer at a heating
rate of 20°C/min from 40° to 700°C in a nitrogen atmosphere
(flow rate: 25 ml/min). Raman spectra were observed with a laser
Raman spectrometer (LabRAM HR, HORIBA Co., France) in the
range of 800 to 2000 cm−1 with an excitation wavelength of
532.17 nm and an integration time of 10 s. XPS was measured on
a XSAM 800 spectrometer (KRATOS, UK) using Al Ka excitation
radiation (1486.6 eV).

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S31
Tables S1 to S8
References

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S3

REFERENCES AND NOTES
1. W. Zhang, R. Wang, Z. Sun, X. Zhu, Q. Zhao, T. Zhang, A. Cholewinski, F. Yang, B. Zhao,

R. Pinnaratip, P. K. Forooshani, B. P. Lee, Catechol-functionalized hydrogels: Biomimetic
design, adhesion mechanism, and biomedical applications. Chem. Soc. Rev. 49,
433–464 (2020).

2. J. Saiz-Poseu, J. Mancebo-Aracil, F. Nador, F. Busqué, D. Ruiz-Molina, The chemistry behind
catechol-based adhesion. Angew. Chem. Int. Ed. 58, 696–714 (2019).

3. R. Jinkins Katherine, S. Li, H. Arafa, H. Jeong, J. Lee Young, C. Wu, E. Campisi, X. Ni, D. Cho,
Y. Huang, A. Rogers John, Thermally switchable, crystallizable oil and silicone composite
adhesives for skin-interfaced wearable devices. Sci. Adv. 8, eabo0537 (2022).

4. Y. Zhao, S. Song, X. Ren, J. Zhang, Q. Lin, Y. Zhao, Supramolecular adhesive hydrogels for
tissue engineering applications. Chem. Rev. 122, 5604–5640 (2022).

5. X. Ou, B. Xue, Y. Lao, Y. Wutthinitikornkit, R. Tian, A. Zou, L. Yang, W. Wang, Y. Cao, J. Li,
Structure and sequence features of mussel adhesive protein lead to its salt-tolerant ad-
hesion ability. Sci. Adv. 6, eabb7620 (2020).

6. J. Luo, Y. Zhou, Q. Gao, J. Li, N. Yan, From wastes to functions: A new soybean meal and
bark-based adhesive. ACS Sustain. Chem. Eng. 8, 10767–10773 (2020).

7. C. A. Xu, Z. Qu, M. Lu, H. Meng, B. Chen, E. Jiao, E. Zhang, K. Wu, J. Shi, Effect of modified
bamboo lignin replacing part of C5 petroleum resin on properties of polyurethane/poly-
siloxane pressure-sensitive adhesive and its application on the wood substrate. J. Colloid
Interface Sci. 602, 394–405 (2021).

8. Z. Jia, X. Feng, Y. Zou, Graphene reinforced epoxy adhesive for fracture resistance. Compos.
Part B Eng. 155, 457–462 (2018).

9. A. Kumar, A. J. Domb, Polymerization enhancers for cyanoacrylate skin adhesive.Macromol.
Biosci. 21, 2100143 (2021).

10. J. Han, Y. Guo, H. Wang, K. Zhang, D. Yang, Sustainable bioplastic made from biomass DNA
and ionomers. J. Am. Chem. Soc. 143, 19486–19497 (2021).

11. A. Beharaj, E. Z. McCaslin, W. A. Blessing, M. W. Grinstaff, Sustainable polycarbonate ad-
hesives for dry and aqueous conditions with thermoresponsive properties. Nat. Commun.
10, 5478 (2019).

12. Z. Wang, L. Guo, H. Xiao, H. Cong, S. Wang, A reversible underwater glue based on photo-
and thermo-responsive dynamic covalent bonds. Mater. Horiz. 7, 282–288 (2020).

13. Z. Wu, C. Ji, X. Zhao, Y. Han, K. Müllen, K. Pan, M. Yin, Green-light-triggered phase transition
of azobenzene derivatives toward reversible adhesives. J. Am. Chem. Soc. 141,
7385–7390 (2019).

14. L. M. de Espinosa, W. Meesorn, D. Moatsou, C. Weder, Bioinspired polymer systems with
stimuli-responsive mechanical properties. Chem. Rev. 117, 12851–12892 (2017).

15. L. Liu, Z. Liu, Y. Ren, X. Zou, W. Peng, W. Li, Y. Wu, S. Zheng, X. Wang, F. Yan, A superstrong
and reversible ionic crystal-based adhesive inspired by ice adhesion. Angew. Chem. Int. Ed.
60, 8948–8959 (2021).

16. J. Liu, C. S. Y. Tan, O. A. Scherman, Dynamic interfacial adhesion through cucurbit[n]uril
molecular recognition. Angew. Chem. Int. Ed. 57, 8854–8858 (2018).

17. W. Li, X. Liu, Z. Deng, Y. Chen, Q. Yu, W. Tang, T. L. Sun, Y. S. Zhang, K. Yue, Tough bonding,
on-demand debonding, and facile rebonding between hydrogels and diverse metal sur-
faces. Adv. Mater. 31, e1904732 (2019).

18. A. Rahman Md, C. Bowland, S. Ge, R. Acharya Shree, S. Kim, R. Cooper Valentino, X. C. Chen,
S. Irle, P. Sokolov Alexei, A. Savara, T. Saito, Design of tough adhesive from commodity
thermoplastics through dynamic crosslinking. Sci. Adv. 7, eabk2451 (2021).

19. H. Cho, G. Wu, J. Christopher Jolly, N. Fortoul, Z. He, Y. Gao, A. Jagota, S. Yang, Intrinsically
reversible superglues via shape adaptation inspired by snail epiphragm. Proc. Natl. Acad.
Sci. U.S.A. 116, 13774–13779 (2019).

20. Q. Zhang, T. Li, A. Duan, S. Dong, W. Zhao, P. J. Stang, Formation of a supramolecular
polymeric adhesive viawater–participant hydrogen bond formation. J. Am. Chem. Soc. 141,
8058–8063 (2019).

21. S. Dong, J. Leng, Y. Feng, M. Liu, J. Stackhouse Chloe, A. Schönhals, L. Chiappisi, L. Gao,
W. Chen, J. Shang, L. Jin, Z. Qi, A. Schalley Christoph, Structural water as an essential co-
monomer in supramolecular polymerization. Sci. Adv. 3, eaao0900 (2017).

22. J. Zhu, X. Lu, W. Zhang, X. Liu, Substrate-independent, reversible, and easy-release ionogel
adhesives with high bonding strength. Macromol. Rapid Commun. 41, 2000098 (2020).

23. D. Tan, X. Wang, Q. Liu, K. Shi, B. Yang, S. Liu, Z.-S. Wu, L. Xue, Switchable adhesion of
micropillar adhesive on rough surfaces. Small 15, e1904248 (2019).

24. Y. Takashima, T. Sahara, T. Sekine, T. Kakuta, M. Nakahata, M. Otsubo, Y. Kobayashi,
A. Harada, Supramolecular adhesives to hard surfaces: Adhesion between host hydrogels
and guest glass substrates through molecular recognition. Macromol. Rapid Commun. 35,
1646–1652 (2014).

25. L. Han, L. Yan, M. Wang, K. Wang, L. Fang, J. Zhou, J. Fang, F. Ren, X. Lu, Transparent, ad-
hesive, and conductive hydrogel for soft bioelectronics based on light-transmitting poly-
dopamine-doped polypyrrole nanofibrils. Chem. Mater. 30, 5561–5572 (2018).

26. Y. Park, H. Byun, J. H. Lee, Highly stretchable and transparent optical adhesive films using
hierarchically structured rigid-flexible dual-stiffness nanoparticles. ACS Appl. Mater. Inter.
13, 1493–1502 (2021).

27. X. L. Wang, L. Chen, J. N. Wu, T. Fu, Y. Z. Wang, Flame-retardant pressure-sensitive adhesives
derived from epoxidized soybean oil and phosphorus-containing dicarboxylic acids. ACS
Sustain. Chem. Eng. 5, 3353–3361 (2017).

28. M. Qiu, W. Du, X. Luo, S. Zhu, Y. Luo, J. Zhao, Vapor-phase molecular doping in covalent
organosiloxane network thin films via a lewis acid–base interaction for enhanced me-
chanical properties. ACS Appl. Mater. Inter. 14, 22719–22727 (2022).

29. R. M. Laine, J. C. Furgal, P. Doan, D. Pan, V. Popova, X. Zhang, Avoiding carbothermal re-
duction: Distillation of alkoxysilanes from biogenic, green, and sustainable sources. Angew.
Chem. Int. Ed. 55, 1065–1069 (2016).

30. X. Xun, Z. Zhang, X. Zhao, B. Zhao, F. Gao, Z. Kang, Q. Liao, Y. Zhang, Highly robust and self-
powered electronic skin based on tough conductive self-healing elastomer. ACS Nano 14,
9066–9072 (2020).

31. J. Kang, D. Son, G.-J. N. Wang, Y. Liu, J. Lopez, Y. Kim, J. Y. Oh, T. Katsumata, J. Mun, Y. Lee,
L. Jin, J. B. H. Tok, Z. Bao, Tough and water-insensitive self-healing elastomer for robust
electronic skin. Adv. Mater. 30, 1706846 (2018).

32. M. Liu, Z. Wang, P. Liu, Z. Wang, H. Yao, X. Yao, Supramolecular silicone coating capable of
strong substrate bonding, readily damage healing, and easy oil sliding. Sci. Adv. 5,
eaaw5643 (2019).

33. B. Yi, P. Liu, C. Hou, C. Cao, J. Zhang, H. Sun, X. Yao, Dual-cross-linked supramolecular
polysiloxanes for mechanically tunable, damage-healable and oil-repellent polymeric
coatings. ACS Appl. Mater. Interfaces 11, 47382–47389 (2019).

34. H. Zhao, Q. Sun, X. Deng, J. Cui, Earthworm-inspired rough polymer coatings with self-
replenishing lubrication for adaptive friction-reduction and antifouling surfaces. Adv.
Mater. 30, 1802141 (2018).

Wang et al., Sci. Adv. 8, eadd8527 (2022) 14 December 2022 10 of 11

SC I ENCE ADVANCES | R E S EARCH ART I C L E



35. X. Wang, D. Tan, S. Hu, Q. Li, B. Yang, Z. Shi, R. Das, X. Xu, Z.-S. Wu, L. Xue, Reversible ad-
hesion via light-regulated conformations of rubber chains. ACS Appl. Mater. Inter. 11,
46337–46343 (2019).

36. M. Li, W. Li, Q. Guan, X. Dai, J. Lv, Z. Xia, W.-J. Ong, E. Saiz, X. Hou, A tough reversible bio-
mimetic transparent adhesive tape with pressure-sensitive and wet-cleaning properties.
ACS Nano 15, 19194–19201 (2021).

37. X. Wang, W. Zhang, Z. Qin, R. Yang, Optically transparent and flame-retarded polycar-
bonate nanocomposite based on diphenylphosphine oxide-containing polyhedral oligo-
meric silsesquioxanes. Compos. Part A Appl. S. 117, 92–102 (2019).

38. Y. H. Kim, Y.-W. Lim, D. Lee, Y. H. Kim, B.-S. Bae, A highly adhesive siloxane LED encapsulant
optimized for high thermal stability and optical efficiency. J. Mater. Chem. C 4,
10791–10796 (2016).

39. C. Jia, C. Chen, R. Mi, T. Li, J. Dai, Z. Yang, Y. Pei, S. He, H. Bian, S.-H. Jang, J. Y. Zhu, B. Yang,
L. Hu, Clear wood toward high-performance building materials. ACS Nano 13,
9993–10001 (2019).

40. Z. H. Zhao, P. C. Zhao, Y. Zhao, J. L. Zuo, C. H. Li, An underwater long-term strong adhesive
based on boronic esters with enhanced hydrolytic stability. Adv. Funct. Mater. 32,
2201959 (2022).

41. P. H. Wu, Y. Z. Lai, Y. P. Zhang, M. C. Sil, P.-H. H. Lee, T. C. Wei, C. M. Chen, Organosiloxane
monolayers terminated with amine groups as adhesives for Si metallization. ACS Appl.
Nano Mater. 3, 3741–3749 (2020).

42. M. Cencer, Y. Liu, A. Winter, M. Murley, H. Meng, B. P. Lee, Effect of pH on the rate of curing
and bioadhesive properties of dopamine functionalized poly(ethylene glycol) hydrogels.
Biomacromolecules 15, 2861–2869 (2014).

43. Y. Zhao, Y. Wu, L. Wang, M. Zhang, X. Chen, M. Liu, J. Fan, J. Liu, F. Zhou, Z. Wang, Bio-in-
spired reversible underwater adhesive. Nat. Commun. 8, 2218 (2017).

44. S. Xi, F. Tian, G. Wei, X. He, Y. Shang, Y. Ju, W. Li, Q. Lu, Q. Wang, Reversible dendritic-crystal-
reinforced polymer gel for bioinspired adaptable adhesive. Adv. Mater. 33,
e2103174 (2021).

45. H. Yan, P. Lee, N. R. Armstrong, A. Graham, G. A. Evmenenko, P. Dutta, T. J. Marks, High-
performance hole-transport layers for polymer light-emitting diodes. Implementation of
organosiloxane cross-linking chemistry in polymeric electroluminescent devices. J. Am.
Chem. Soc. 127, 3172–3183 (2005).

46. J. Jin, T. Iyoda, C. Cao, Y. Song, L. Jiang, T. J. Li, D. B. Zhu, Self-assembly of uniform spherical
aggregates of magnetic nanoparticles through π–π interactions. Angew. Chem. Int. Ed. 40,
2135–2138 (2001).

47. S. Wang, D. Bai, Y. Wang, J. Fu, J. Zhu, X. Fang, Hierarchical self-assembly of helical coor-
dination polymers and formation of a lamellar structure via the cooperativity of two-step
Ag(i) coordination and π–π interactions. Nanoscale 12, 10972–10976 (2020).

48. Y. Song, Y. Liu, T. Qi, G. L. Li, Towards dynamic but supertough healable polymers through
biomimetic hierarchical hydrogen-bonding interactions. Angew. Chem. Int. Ed. 57,
13838–13842 (2018).

49. W. B. Ying, G. Wang, Z. Kong, C. K. Yao, Y. Wang, H. Hu, F. Li, C. Chen, Y. Tian, J. Zhang,
R. Zhang, J. Zhu, A biologically muscle-inspired polyurethane with super-tough, thermal
reparable and self-healing capabilities for stretchable electronics. Adv. Funct. Mater. 31,
2009869 (2021).

50. X. Wang, S. Zhan, Z. Lu, J. Li, X. Yang, Y. Qiao, Y. Men, J. Sun, Healable, recyclable, and
mechanically tough polyurethane elastomers with exceptional damage tolerance. Adv.
Mater. 32, e2005759 (2020).

51. X. Zhu, C. Wei, H. Chen, C. Zhang, H. Peng, D. Wang, J. Yuan, J. H. Waite, Q. Zhao, A cation-
methylene-phenyl sequence encodes programmable poly(ionic liquid) coacervation and
robust underwater adhesion. Adv. Funct. Mater. 32, 2105464 (2022).

52. D. Wei, F. Ma, R. Wang, S. Dou, P. Cui, H. Huang, J. Ji, E. Jia, X. Jia, S. Sajid, A. M. Elseman,
L. Chu, Y. Li, B. Jiang, J. Qiao, Y. Yuan, M. Li, Ion-migration inhibition by the cation–π in-
teraction in perovskite materials for efficient and stable perovskite solar cells. Adv. Mater.
30, 1707583 (2018).

53. Y. Wang, G. Xia, H. Yu, B. Qian, Y. H. Cheung, L. H. Wong, J. H. Xin, Mussel-inspired design of a
self-adhesive agent for durable moisture management and bacterial inhibition on PET
fabric. Adv. Mater. 33, 2100140 (2021).

54. Z. Ma, X. Liu, X. Xu, L. Liu, B. Yu, C. Maluk, G. Huang, H. Wang, P. Song, Bioinspired, highly
adhesive, nanostructured polymeric coatings for superhydrophobic fire-extinguishing
thermal insulation foam. ACS Nano 15, 11667–11680 (2021).

55. B. W. Liu, H. B. Zhao, Y. Z. Wang, Advanced flame-retardant methods for polymeric mate-
rials. Adv. Mater. , 2107905 (2021).

56. A. N. Zhang, H. B. Zhao, J. B. Cheng, M. E. Li, S. L. Li, M. Cao, Y. Z. Wang, Construction of
durable eco-friendly biomass-based flame-retardant coating for cotton fabrics. Chem. Eng.
J. 410, 128361 (2021).

57. P. Song, C. Wang, L. Chen, Y. Zheng, L. Liu, Q. Wu, G. Huang, Y. Yu, H. Wang, Thermally
stable, conductive and flame-retardant nylon 612 composites created by adding two-di-
mensional alumina platelets. Compos. Part A Appl. Sci. 97, 100–110 (2017).

58. W. Rao, J. Shi, C. Yu, H. B. Zhao, Y. Z. Wang, Highly efficient, transparent, and environment-
friendly flame-retardant coating for cotton fabric. Chem. Eng. J. 424, 130556 (2021).

59. G. Loke, W. Yan, T. Khudiyev, G. Noel, Y. Fink, Recent progress and perspectives of thermally
drawn multimaterial fiber electronics. Adv. Mater. 32, e1904911 (2020).

60. W. Yan, G. Noel, G. Loke, E. Meiklejohn, T. Khudiyev, J. Marion, G. Rui, J. Lin, J. Cherston,
A. Sahasrabudhe, J. Wilbert, I. Wicaksono, R. W. Hoyt, A. Missakian, L. Zhu, C. Ma,
J. Joannopoulos, Y. Fink, Single fibre enables acoustic fabrics via nanometre-scale vibra-
tions. Nature 603, 616–623 (2022).

61. A. Sadezky, H. Muckenhuber, H. Grothe, R. Niessner, U. Pöschl, Raman microspectroscopy
of soot and related carbonaceous materials: Spectral analysis and structural information.
Carbon 43, 1731–1742 (2005).

62. T. Fu, D. M. Guo, L. Chen, W. S. Wu, X. L. Wang, Y. Z. Wang, Fire hazards management for
polymeric materials via synergy effects of pyrolysates-fixation and aromatized-charring.
J. Hazard. Mater. 389, e122040 (2020).

63. J. Schwan, S. Ulrich, V. Batori, H. Ehrhardt, S. R. P. Silva, Raman spectroscopy on amorphous
carbon films. J. Appl. Phys. 80, 440–447 (1996).

64. X. Wang, Y. Hu, L. Song, W. Xing, H. Lu, P. Lv, G. Jie, Flame retardancy and thermal degra-
dation mechanism of epoxy resin composites based on a DOPO substituted organo-
phosphorus oligomer. Polymer 51, 2435–2445 (2010).

65. J. Vasiljević, I. Jerman, G. Jakša, J. Alongi, G. Malucelli, M. Zorko, B. Tomšič, B. Simončič,
Functionalization of cellulose fibres with DOPO-polysilsesquioxane flame retardant
nanocoating. Cellulose 22, 1893–1910 (2015).

66. Z. Li, M. Chen, S. Li, X. Fan, C. Liu, Simultaneously improving the thermal, flame-retardant
and mechanical properties of epoxy resins modified by a novel multi-element synergistic
flame retardant. Macromol. Mater. Eng. 304, e1800619 (2019).

67. B. W. Liu, L. Chen, D. M. Guo, X. F. Liu, Y. F. Lei, X. M. Ding, Y. Z. Wang, Fire-safe polyesters
enabled by end-group capturing chemistry. Angew. Chem. Int. Ed. 58, 9188–9193 (2019).

68. Y. Zhou, M. Chen, Q. Ban, Z. Zhang, S. Shuang, K. Koynov, H.-J. Butt, J. Kong, S. Wu, Light-
switchable polymer adhesive based on photoinduced reversible solid-to-liquid transitions.
ACS Macro Lett. 8, 968–972 (2019).

69. S. Saito, S. Nobusue, E. Tsuzaka, C. Yuan, C. Mori, M. Hara, T. Seki, C. Camacho, S. Irle,
S. Yamaguchi, Light-melt adhesive based on dynamic carbon frameworks in a columnar
liquid-crystal phase. Nat. Commun. 7, 12094 (2016).

70. X. Li, J. Lai, Y. Deng, J. Song, G. Zhao, S. Dong, Supramolecular adhesion at extremely low
temperatures: A combined experimental and theoretical investigation. J. Am. Chem. Soc.
142, 21522–21529 (2020).

71. Y. M. Seo, W. Jang, T. Gu, H. J. Seok, S. Han, B. L. Choi, H. K. Kim, H. Chae, J. Kang, D. Whang,
Defect-free mechanical graphene transfer using n-doping adhesive gel buffer. ACS Nano
15, 11276–11284 (2021).

Acknowledgments
Funding: This work was supported by the National Natural Science Foundation of China
(U19A2045, 52122302, 51991351, and 51790504), Young Elite Scientists Sponsorship Program
by CAST, the 111 Project (B20001), Fundamental Research Funds for the Central Universities,
and Institutional Research Fund from Sichuan University (2021SCUNL201). Author
contributions: Z.-H.W.: conceptualization, methodology, data curation, writing—original draft,
writing—review and editing, and visualization. B.-W.L.: methodology and investigation. F.-R.Z.:
investigation. X.-C.L.: investigation. J.-Y.Z.: investigation. X.-L.W.: conceptualization and writing
—review and editing. Y.-Z.W.: supervision and funding acquisition. H.-B.Z.: conceptualization,
project administration, funding acquisition, and writing—review and editing. Competing
interests: The authors declare that they have no competing interests. Data and materials
availability: All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Materials.

Submitted 8 July 2022
Accepted 7 November 2022
Published 14 December 2022
10.1126/sciadv.add8527

Wang et al., Sci. Adv. 8, eadd8527 (2022) 14 December 2022 11 of 11

SC I ENCE ADVANCES | R E S EARCH ART I C L E


	INTRODUCTION
	RESULTS
	Preparation and characterization
	Strong and durable adhesion performance
	Completely reversible/recyclable performance
	Mechanism for reversible strong adhesion
	Recyclable, durable, and flame-retardant coating application

	DISCUSSION
	MATERIALS AND METHODS
	Materials
	Synthesis of DPOP-Si and P(DPOP-Si) adhesive
	Preparation of adhesion samples and lap shear tests
	Recycling-reusing methods for P(DPOP-Si) adhesives on wood surfaces
	Swelling tests
	DFT calculations
	Fabrication of flame-retardant polyester (PET) fabrics coated with P(DPOP-Si)
	Desorption of P(DPOP-Si) coatings from PET fabrics
	Durability tests
	General characterization

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this &break /;manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

