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Significance

Interfacial hydrated water is an 
obstacle to underwater adhesion 
but is challenging to remove. 
Here, for a self- strengthening 
liquid underwater adhesive 
(SLU- adhesive), a multiscale 
dehydration mechanism based 
on a physical–chemical coupling 
is utilized to achieve fast and 
robust underwater adhesion 
through deep- water removal at 
the contact interface and 
self- adaptive cohesion 
enhancement. The adhesion 
mechanism involves multiscale 
dehydration in three steps:  
1) physical replacement at a 
millimeter scale: Surface water 
on the substrate tends to be 
replaced by the SLU- adhesive 
because of its excellent 
wettability and spreadability;  
2) physical removal at a micrometer 
scale: Chemical reaction of the 
isocyanate groups with water 
releases lots of bubbles to 
remove interfacial water; and 3) 
chemical consumption of 
surface- bound water at a 
molecular level.

Author contributions: C.Q., Y.M., and F.Z. designed 
research; C.Q. and Z.Z. performed research; Y.M., S.M., 
X.P., B.Y., and M.C. contributed new reagents/analytic 
tools; C.Q., Y.M., X.H., and F.Z. analyzed data; and C.Q., 
Y.M., Z.Z., Y.D., S.D., X.H., and F.Z. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.  
This open access article is distributed under Creative 
Commons Attribution- NonCommercial- NoDerivatives 
License 4.0 (CC BY- NC- ND).
1To whom correspondence may be addressed. Email: 
mayanfei@licp.cas.cn, ximinhe@ucla.edu, or zhouf@licp.
cas.cn.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas. 
2301364120/- /DCSupplemental.

Published July 24, 2023.

APPLIED PHYSICAL SCIENCES

Water- assisted strong underwater adhesion via interfacial 
water removal and self- adaptive gelation
Chenxi Qina,b, Yanfei Maa,c,1 , Zhizhi Zhanga,b, Yingjie Dud, Sidi Duand, Shuanhong Maa,c , Xiaowei Peia, Bo Yua, Meirong Caia,c , Ximin Hed,1 ,  
and Feng Zhoua,1

Edited by David Weitz, Harvard University, Cambridge, MA; received January 25, 2023; accepted June 30, 2023

In nearly all cases of underwater adhesion, water molecules typically act as a destroyer. 
Thus, removing interfacial water from the substrate surfaces is essential for forming 
super- strong underwater adhesion. However, current methods mainly rely on phys-
ical means to dislodge interfacial water, such as absorption, hydrophobic repulsion, 
or extrusion, which are inefficient in removing obstinate hydrated water at contact 
interface, resulting in poor adhesion. Herein, we present a unique means of reversing 
the role of water to assist in realizing a self- strengthening liquid underwater adhesive 
(SLU- adhesive) that can effectively remove water at contact interface. This is achieved 
through multiscale physical–chemical coupling methods across millimeter to molecular 
levels and self- adaptive strengthening of the cohesion during underwater operations. 
As a result, strong adhesion over 1,600 kPa (compared to ~100 to 1,000 kPa in cur-
rent state of the art) can be achieved on various materials, including inorganic metal 
and organic plastic materials, without preloading in different environments such as 
pure water, a wide range of pH solutions (pH = 3 to 11), and seawater. Intriguingly, 
SLU- adhesive/photothermal nanoparticles (carbon nanotubes) hybrid materials 
can significantly reduce the time required for complete curing from 24 h to 40 min 
using near- infrared laser radiation due to unique thermal- response of the chemical 
reaction rate. The excellent adhesion property and self- adaptive adhesion procedure 
allow SLU- adhesive materials to demonstrate great potential for broad applications in 
underwater sand stabilization, underwater repair, and even adhesion failure detection 
as a self- reporting adhesive. This concept of “water helper” has potential to advance 
underwater adhesion and manufacturing strategies.

adhesive | underwater adhesion | self- adaptive | interfacial water | hydrated water

Water is seldom considered a “helper” in the adhesion process as it tends to prevent close 
contact at interfaces and reduce intermolecular interactions between the adhesive and the 
substrate, greatly limiting the development of strong underwater adhesion (1–5). Therefore, 
removing water molecules from the adhesive interface has become one of the most critical 
and challenging imperatives in designing high- performance underwater adhesives. 
Prominent progress has been made in achieving robust interface adhesion by removing 
interfacial water at different length scales through absorption, hydrophobic repulsion, and 
extrusion (3–6). At the micrometer to millimeter scale, surface microstructure and preload 
are effective strategies for facilitating the drainage of bulk water at the contact interface 
and preventing permanent water accumulation. At the molecular level, hydrophobic mon-
omers and polymers are found to have good ability to remove interfacial water layer and 
promote surface wetting (especially for hydrophobic matrices). In addition, it is also 
effective to use water- absorbing fillers (including inorganic substances and hydrophilic 
polymers) to achieve this goal (2, 3). However, these physical dehydration methods cannot 
completely remove the interfacial water, especially hydration water, which is an ultrathin 
layer of interfacial water molecules existing between the adhesive material and the substrate 
surface. This is a critical factor in preventing ultrastrong adhesion and is notoriously dif-
ficult to remove (1–3, 5–8). Therefore, it is believed that truly complete interfacial water 
removal may require synergistic interfacial dehydration across multiple length scales (2).

The excellent mechanical property of adhesives is another important factor for avoiding 
cohesive failure (2, 7). Over the past decades, many methods for strengthening the cohe-
sion of adhesives have been developed, including electrostatic interactions (8), hydrogen 
bonding (9), metal coordination (10), hydrophobic interactions (5), host–guest interac-
tions (11), and covalent interactions (4). Although these strategies are effective in enhanc-
ing the cohesion, they generally require dry curing prior to immersion, the application of 
compressive pressure, assistance from external energy (e.g., temperature, light, ions, and 
pH), or long curing times (2 to 48 h) (2, 4, 12–14). These complex, cumbersome, and 
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inconvenient requirements greatly limit the wide applicability of 
the adhesives in practical situations. Thus, it remains a significant 
challenge to directly and rapidly form strong adhesion during 
immersion (of substrates already soaked in water), without apply-
ing external force or energy. These needs call for mechanisms of 
rapidly forming strong adhesion through easy operation in water.

In recent years, since Zhao et al. first proposed the method of 
realizing underwater contact adhesion with polyelectrolyte com-
plexes through solvent exchange in 2016 (8), many glue- type adhe-
sives that are fully implemented in water have been extensively 
studied and well developed. These adhesives are liquid precursor 
solutions that are cured underwater and adhere through electrostatic 
complexation (15), hydrophobic self- aggregation (5, 16, 17), hydro-
gen bond interactions (18–20), cation–π interactions (12, 21–23), 
metal coordination (7), or chemical reaction (24, 25), greatly pro-
moting the development of the easy- to- implement underwater 
adhesives with excellent adhesion (SI Appendix, Table S1). However, 
these physical water removal methods, self- aggregation/self- curing 
through weak molecular interactions and single chemical reaction 
methods underwater, do little to remove hydration water and 
increase the polymerization rate (2, 24, 26). Therefore, it would be 
highly advantageous to have underwater adhesives capable of effec-
tively removing interfacial water and self- adaptively and quickly 
enhancing cohesion during underwater adhesion operations with-
out drying and curing before immersion, external energy input, or 
applying compression pressure.

In contrast to the existing methods of eliminating interfacial 
water through physical means, such as hydrophobic repulsion, 
swelling absorption, and extrusion (3–6), we propose a multiscale 
dehydration method that couples physical and chemical approaches 
to thoroughly remove interfacial water. By introducing a chemical 
reaction with water, the obstinate hydration water can be com-
pletely removed at the molecular level, under the premise that the 
physical dehydration via solvent replacement and bubble drainage 
has already removed most of the bulk water at millimeter to 
micrometer scales. Synergistically, these methods can minimize 
the impact of interfacial water on adhesive contact. Moreover, the 
controllability of chemical reaction rates opens a door to breaking 
the inherent limit on the long- term curing time of current 
glue- type underwater adhesives (2). If successful, the strategies of 
consuming interfacial water, hydrophobic repulsion, swelling 
absorption, extrusion, and multiple couplings may readily lend 
themselves to a wealth of materials chemistries.

As current synthetic adhesives are normally undermined by 
moisture (8, 27), it is conceptually unique to turn water into a 
helper. The design of water- involved and water- triggered under-
water adhesion helps deeply remove interfacial water and promotes 
cohesion, allowing for rapid and robust wet adhesion on broad 
choices of solid substrates in a process entirely immersed in water. 
As an additional self- reporting function beyond conventional 
adhesives, our adhesive can be also applied to damaged area as a 
failure indicator to monitor its adhesion state in real time when 
stress exceeds a certain limit.

Herein, we report a viable approach to fabricate a self- strengthening 
liquid underwater adhesive (SLU- adhesive) capable of achieving 
robust underwater adhesion by effectively removing water at the con-
tact interface and self- adaptively enhancing cohesion during under-
water adhesion operations. Into the adhesive material design, we 
introduce the isocyanate group, which can react with water and 
cross- link the polymers to promote the adhesive gelation. Such a 
water- involved chemical reaction simultaneously consumes the 
hydration water and strengthens the adhesion through cross- linking. 
The produced carbon dioxide also helps repel interfacial water, as 
observed experimentally. When applied onto an underwater substrate, 

the adhesive first spreads and self- aggregates instantly, accompanied 
by the dissipation/repulsion of bulk interfacial water with bubbles, 
the consumption of hydration water by chemical reaction, and the 
self- adaptive cohesion enhancement through gelation. Such a process 
has been tested and proven capable of forming record- high strong 
adhesion on a variety of materials ranging from inorganic metal mate-
rials to organic plastic materials in widely different environments, 
including pure water, solutions of pH = 3~11, and seawater, without 
having to preload or trigger any external conditions. The gelation 
speed of the SLU- adhesive can be further accelerated by hybridizing 
with carbon nanotubes (CNTs) to endow the adhesive with a unique 
response to temperature. Such an adhesive material is further demon-
strated to have broad applicability in underwater sand stabilization, 
underwater repair, and real- time self- detection of its own adhesion 
state especially upon external force impact and adhesion failure. The 
presented strategy opens opportunities for thorough interfacial water 
removal and developing intelligent high- performance underwater 
adhesives.

Results

Design Principle of SLU- Adhesive. To achieve strong underwater 
adhesion with simple underwater operation, the designed 
adhesive must have the following abilities: i) underwater gelation 
or self- aggregation from liquid to solid to adaptively enhance 
the cohesive force and alleviate the needs of manual or external 
force/energy application and ii) removal of interfacial water to 
form intimate interfacial interactions at the molecular level, in 
addition to bulk water repulsion at the micron to millimeter 
level. Here, we designed a SLU- adhesive that is capable of user- 
friendly underwater operation. The SLU- adhesive is based on 
poly (phenoxyethyl methacrylate- co- isocyanatoethylacrylate- co- 
methoxyethyl acrylate) [p(PMA- IA- MEA)] prepared through 
free radical polymerization of three monomers: PMA, IA, and 
MEA. The linear macromolecule polymers in the liquid adhesive 
with hydrophobic chain segments and reactive chain segments 
(- NCO) are able to self- aggregate and gelate adaptively under 
water to form a cross- linked three- dimensional polymer network 
with a porous microstructure, which can enhance the adhesion 
strength of underwater glues (Fig.  1B) (2, 5, 8). The carbon–
carbon double bond was utilized as a characteristic marker and 
grafted onto - NCO groups, finally resulting in the - NCO groups 
accounting for 11.2% of the SLU- adhesive by mol (1H- NMR 
spectroscopy) (SI Appendix, Figs. S1 and S3). As shown in Fig. 1A, 
a droplet (7 μL) of adhesive solution achieved spontaneous and 
complete spreading across the polymethyl methacrylate (PMMA) 
substrate surface in water, forming a spreading adhesion layer 
within 1 s. After 5 s, the adhesive gradually gelled. In this process 
of contacting, spreading, wetting, and gelation of the adhesive 
on the substrate surface, there is a series of spontaneous, tacitly 
coordinated adhesion behaviors that self- adaptively achieve 
interface adhesion and cohesion enhancement, including the 
removal of interfacial water, the consumption of hydrated water, 
and self- adaptive covalent cross- linking (Fig. 1B). The thorough 
removal of surface water provides a platform for SLU- adhesive to 
form a strong interaction force (e.g., van der Waals interaction, 
hydrogen bond, π- π and hydrophobic interaction) with the 
substrate surface (SI Appendix, Figs. S5 and S6). To demonstrate 
the excellent underwater adhesion of SLU- adhesive, this liquid 
adhesive was extruded onto PMMA and iron (Fe) sheets through 
a syringe in water. The painted liquid pattern cured quickly and 
adhered firmly to the surface of the substrate without falling off 
even under violent water blasting (2 bar, 45 s) (Movie S1). This 
demonstration showed the potential of SLU- adhesive for direct use D
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in underwater operations (Fig. 1 C and D). Our adhesive exhibited 
excellent adhesion properties when a cotton rope was adhered to a 
submerged Fe sheet surface and withstood a 100- g load (Fig. 1E). 
This type of adhesion with self- adaptive adhesion can also bond 
two solids in water without the application of compressive force 
(SI Appendix, Figs. S11–S13).

Physical–Chemical Coupling Water Removal and Self- Adaptive 
Gelation. Traditional adhesives eliminate interfacial water based 
on physical water removal, such as hydrophobic repulsion, 
swelling absorption, and extrusion. Our adhesive distinguishes 
itself from traditional adhesives as a SLU- adhesive by achieving 
underwater adhesion with a physical (solvent exchange and bubbly 
drainage) and chemical (chemical reactions consume interfacial 
bound water) coupling water removal process. In order to verify 

the SLU- adhesive’s self- adaptive adhesion procedure, we carried 
out mechanism research for adhesion in two aspects: enhancement 
of surface adhesion based on removal of interfacial water and 
improvement of cohesion via self- adaptive gelation. In this work, 
for SLU- adhesive, the removal of interfacial water is orderly 
divided into three steps: 1) physical replacement of the surface 
water on the substrate with SLU- adhesive at mm scale because 
of its excellent wettability; 2) physical removal of water at µm 
scale by generating carbon dioxide bubbles from the chemical 
reaction between isocyanate groups and water at the interface; 
and 3) simultaneous chemical consumption of the surface- bound 
water at molecular level. This series of adhesion behaviors is 
instantaneous, spontaneous, and tacitly coordinated throughout 
the entire process of liquid adhesive contact, spreading, wetting, 
and gelation on the substrate surface. Water and isocyanate groups 

2RNCO+H2O            RNH NHR+CO2CO2RNCO H2O            RNH NHR+CO2CO
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Fig. 1. Design and adhesion process of the SLU- adhesive. (A) A Sudan IV- stained adhesive droplet (7 μL) spontaneously wets PMMA substrate surface, forming 
a complete spreading adhesive layer. (B) The theoretical study and schematic diagram of the self- strengthening mechanism of water- induced adhesive in the 
spreading process. Scanning electron microscope (SEM) shows a sandcastle worm- like protein pore structure inside SLU- adhesive. (C and D) Digital images show 
the adhesion of SLU- adhesive to the organic (PMMA) and inorganic (Fe) surfaces under water. After being placed in water (20 °C, no applied pressure) for 1 h, 
the adhesion to different substrates withstood water blasting (2 bar, 45 s). (E) Adhesive polymer blend with embedded cotton thread casted onto an Fe sheet 
in water. After 1 h, adhesion force can support the weight (100 g) of the sheet in air.
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have very low reactivity (28, 29), most chemical reactions occur 
after “physical displacement”. As shown in Fig. 2A, the contact 
angles of SLU- adhesive on various substrate surfaces (organic and 
inorganic) were all smaller than that of water. This implies that 
when the adhesive is applied to the substrate, the SLU- adhesive 
tends to replace interface water to achieve sufficient contact area 
on the substrate. Meanwhile, the chemical reaction of isocyanate 
chain segments with water releases a lot of bubbles to shield the 
boundary water layer around the adhesive, transforming the 
initial water/adhesive interface into water/gas/adhesive interface, 
achieving a similar dry state of adhesion, thus greatly enhancing 
the adhesion interaction. In order to verify the shielding of 
interfacial water by bubbles, we employed distinct fluorescent 
to label water and adhesive, respectively. Under the fluorescence 
microscope, SLU- adhesive containing 4- (1- pyrenyl) butyl 
methacrylate (PBMA) showed blue, while the water stained by 
Rhodamine B showed yellow (SI Appendix, Fig. S7). As shown 
in Fig. 2B, SLU- adhesive spread well on the fully immersed glass 
substrate surface, and the adhesive boundary was surrounded 
by a gas film formed from a large number of bubbles. The gas 
film shielded the adhesive from direct contact with the water and 
pushed away the surrounding water molecules as the adhesive 
spread (SI Appendix, Fig. S8 and Movie S2). In order to verify the 
complete removal ability of SLU- adhesives on the interface water, 
we employed sum frequency generation (SFG) spectroscopy to 
detect its dynamic interfacial dehydration behavior. As shown in 
Fig. 2C, the plasma- treated quartz surface exhibits a substantial 
water signal. In the measured spectral window where the OH 
stretches contribute two large peaks peak were observed, which we 
refer to as the 3,200-  and 3,400- cm−1 modes (Fig. 2 C, i), which 
are attributed to interfacial water (30). As the interfacial water 
was removed by the SLU adhesive, the overall intensity of the 
SFG signal of the 3,200 and 3,400 cm−1 decreased dramatically 
within 30 s, approaching zero (Fig.  2 C, ii). At this time, the 
SFG signal in the interfacial water range disappears, which further 
proves the complete removal of the interface water (Fig. 2 C, iii). 
Interestingly, after the interfacial water was completely removed, 
we detected an obvious SFG signal from the benzene ring of SLU- 
adhesive, which means that the SLU- adhesive is in full contact 
with the substrate interface and adhesion has been achieved 
(Fig. 2 C, iv). In contrast, adhesives without isocyanate groups 
cannot completely remove interfacial water and achieve sufficient 
contact and effective adhesion (SI Appendix, Fig. S9). The chemical 
reaction was verified by Fourier transform infrared (FTIR) spectra, 
which monitored the Infrared absorption peaks of the adhesive 
before and after curing. Compared to the precure adhesive, the 
cured adhesive showed an absorption peak at 3,380 cm−1, which 
was caused by - NH-  groups, confirming the occurrence of cross- 
linking reactions in the adhesive. To further verify the ability of 
- NCO segment to remove hydrated water, the oxygen plasma- 
treated polyimide (PI) surfaces were wetted with H2O and D2O, 
respectively, and the bulk water on the surface was removed by air 
blowing, whereupon SLU- adhesive was dropped onto the H2O 
and D2O wetted PI surface to enhance adhesion. Proton NMR 
(1H NMR) experiments were conducted on adhesives triggered 
by H2O and D2O. For H2O- cured SLU- adhesive, the red line in 
Fig. 2E displayed its 1H NMR spectrum in CDCl3. The hydrogen 
spectrum signal in the RNHCONHR was clearly observed at 
3.6 ppm. Correspondingly, the signal at 3.6 ppm disappeared 
in D2O- cured adhesive samples, owing to the H being replaced 
by D in the RNDCONDR. In short, the self- adaptive adhesion 
procedure of replacing, removing, and consuming water achieves 
deep dehydration of the underwater substrate surface and thus 
endows SLU- adhesive with excellent surface adhesion strength. In 

addition, the cross- linking reaction also endows the SLU- adhesive 
with self- gelling ability and enhances its cohesion. The viscoelastic 
properties of the precured adhesive and the cured adhesive were 
evaluated by oscillatory rheometry. For precured adhesives, both 
storage modulus (G’) and loss modulus (G”) were extremely low 
and G” was higher than G’, showing a liquid state. After curing, 
the obtained G’ and G" greatly increased from 10−1 Pa to 105 Pa, 
where G’ was higher than G”, indicating that the cohesion of 
the liquid adhesive was rising and eventually resulted in the solid 
phase (Fig. 2F).

Underwater Adhesion Properties. To quantify the adhesion 
performance of SLU- adhesive, the lap shear test was performed 
to examine its underwater adhesion strength on various substrate 
materials placed in water for different time periods (Fig. 3 A–C). 
All operations were performed underwater without external load 
or any triggering from external sources (SI Appendix, Fig. S10). 
The results showed that SLU- adhesive formed coacervate in a 
relatively short period of time after contact with water and the 
cured adhesive could firmly adhere to diverse substrates. For PI, 
Titanium sheet (Ti), polyethylene (PE), Fe, aluminum (Al), PE 
terephthalate (PET), polypropylene (PP), wood, and PMMA, the 
underwater adhesion strengths of SLU- adhesive were 121.3, 106.6, 
85.3, 52.6, 55.3, 49.3, 63.0, 151.6, and 83.3 kPa, respectively, 
after 10 min underwater. Increasing the curing time to 1.5 h 
allowed the adhesion strengths to increase to 234.3, 119.6, 184.3, 
404.3, 112.6, 266.0, 139.3, 432.3, and 167.6 kPa, respectively 
(Fig.  3B). Finally, when the curing time in water was 12.5 h, 
the adhesion strength could reach up to 666.0, 1241.3, 210.6, 
623.6, 608.0, 877.0, 245.3, 866.3, and 745.0 kPa, respectively 
(Fig. 3C). The prolongation of curing time allowed the internal 
cross- linking of the adhesive to reach sufficient levels, resulting in 
an increase in the adhesive strength. In addition, when PMMA 
was chosen as the adhesive substrate and the time was further 
extended to 96 h, there was no obvious change in the adhesion 
strength. Throughout the entire adhesion process, the adhesion 
strength gradually increased and finally reached a stable state at 
12.5 h meaning complete gelation, which was correlated to the 
chemical reaction kinetics of the isocyanate group in SLU- adhesive 
(Fig. 3D). It is noted that the SLU- adhesive exhibited a robust 
adhesion ability to various materials without preload. What is 
more, adhesion strength of SLU- adhesive is solvent- dependent, 
with better performance achieved under dimethyl sulfoxide 
(DMSO) conditions (SI  Appendix, Fig.  S15). Based on this 
phenomenon, replacing the solvent with DMSO, the adhesion 
tests were performed on these above substrates, and the curing 
time in water was 12.5 h. The adhesion strength could reach up  
to 760.2, 1629.2, 288.2, 966.0, 770.6, 1056.0, 284.6, 1178.7, 
and 857.2 kPa, respectively (SI Appendix, Fig. S16). In addition, 
based on the superdehydration capability of SLU- adhesive, it can 
form mixed AB adhesives with other polar polymers to achieve 
stronger underwater adhesion properties beyond 2,000 kPa (400 N)  
(SI Appendix, Fig. S18).

To verify the adhesion performance of SLU- adhesive in harsh 
environments, adhesion tests were performed on immersed PI 
(organic) and Fe (inorganic) substrates in aqueous solutions with 
pH values ranging from 3.10 to 11.03. In these experiments, the 
sheets were bonded in different pH solutions and left to immerse 
for 12.5 h. The results showed that the adhesive had strong adhe-
sion strength to the both organic and inorganic substrates across a 
wide pH range (pH 3.1~11.03). For Fe substrates, the adhesion 
strengths at pH = 3.10, 7.82, 8.97, 11.03 were 544.6, 453.0, 527.3, 
and 661.6 kPa, respectively. For PI substrates, the adhesion 
strengths were 503.0, 544.0, 503.6, and 415.3 kPa, respectively D
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Fig. 2. The adhesion mechanism of SLU- adhesive in the spreading process. (A) Contact angles of SLU- adhesive and water on different substrates (from Left to 
Right: respectively, PI, PET, PMMA, PE, PP, aluminum sheet, Titaniumsheet and Fe sheet. Above: water, below: adhesive). (B) Dynamic process of gas film removing 
the interfacial water. (C) The process of dynamic dehydration of SLU- adhesive at the adhesion interface detected by SFG spectroscopic system: (i) SFG spectrum 
of interfacial water on a plasma- treated quartz surface, (ii) time- dependent SFG intensities at 3,200 and 3,400 cm−1, (iii) SFG spectra of interfacial water after 
SLU- adhesive contacts with quartz surface, (iv) SFG spectra of quartz surface after SLU- adhesive forms adhesion with quartz surface. (D) FTIR of SLU- adhesive 
before and after gelation. (E) 1H- NMR spectra of the adhesives triggered by bound D2O and H2O on the PI surface by plasma treatment. (F) Rheological behaviors 
of SLU- adhesive before (A2) and after gelation (A1).
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(Fig. 3E). To further explore the adhesion properties of the 
SLU- adhesive in more complex and practical application environ-
ments (e.g., alkaline and saline environments), the various sub-
strates were left in artificial seawater for 24.5 h to achieve bonding 
operations. The resulting adhesion strengths of the SLU- adhesive 
on PI, Ti, PE, Fe, Al, PET, PP, and wood surfaces were 686.6, 
868.0, 241.0, 652.0, 560.3, 954.3, 158.0 and 916.3 kPa, respec-
tively. All substrates exhibited stable and excellent adhesion strength 

with our adhesive (Fig. 3F). Furthermore, we evaluated the thermal 
tolerance of the SLU- adhesive at various temperatures and observed 
that the adhesion strength did not decrease at low or high temper-
atures (SI Appendix, Fig. S14). We demonstrate in Fig. 2 that the 
outstanding adhesion properties of SLU- adhesive resulted from its 
ability to remove and consume interfacial hydrated water during 
the adhesion process. To verify the excellent dehydration ability of 
SLU- adhesive, PI treated with surface oxygen plasma (100 W) was 
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Fig. 3. The underwater adhesion performance of the SLU- adhesive. (A–C) Adhesion strengths of SLU- adhesive to different substrates after soaking in water 
for 10 min, 1.5 h, and 12.5 h. (D) The relationship between the adhesion strength to PMMA and the soaking time. (E) Adhesion strengths of SLU- adhesive to Fe 
and PI sheets after soaking in different pH media for 12.5 h. (F) Adhesive strengths of SLU- adhesive to different substrates after soaking in artificial seawater 
for 24.5 h. (G) Relationship between the wettability of PI surface and plasma treatment time. (H) Relationship between adhesion strength to PI surface and 
plasma treatment time. (I) Comparison of adhesion strengths of SLU- adhesive to PET, PMMA, Fe, wood, Ti and Al with the literature values of adhesives that 
can be operated underwater. (J) Macroscopic adhesion tests of SLU- adhesive on various substrates (the adhesion areas are 19.4, 6.0, 6.0, and 6.1 cm2 on PE, 
Fe, Al and PMMA, respectively).
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used as a substrate to test the adhesion strength of SLU- adhesive. 
p(PMA- MEA) was used as a control sample. As shown in Fig. 3G, 
with the increase in oxygen plasma time, the wettability of 
SLU- adhesive [p(PMA- MEA- IA)] and p(PMA- MEA) on the PI 
substrate surfaces improved. This is caused by the enhancement of 
–OH group density on the polymer surface with the increasing 
oxygen plasma time, where the hydroxyl groups on the treated 
surface and hydroxyl groups of water could be exchanged to form 
bounded water (31, 32). Although increasing the wettability of an 
adhesive on the substrate surface will improve interfacial adhesion, 
it is still futile for highly hydrated surfaces. As shown in Fig. 3H, 
for control samples p(PMA- MEA) without deep dehydration abil-
ity, the increase in surface hydration severely disrupted the inter-
facial adhesion, so that adhesion strength decreased from 235 to 
1.25 kPa. By contrast, SLU- adhesive showed negligible decrease, 
which further proved that high adhesion force derived from the 
isocyanate- coupling functional groups in SLU- adhesive.

In conclusion, the SLU- adhesive can achieve a high bonding 
strength with adhesive mechanisms that can be easily realized even 
in an entirely underwater process and is compatible with a variety 
of materials. Notably, it exhibited better adhesion strength in water 
with PMMA, Fe, wood, Ti, and Al substrates than most recent 
underwater adhesives in the state of the art (Fig. 3I, and details in 
SI Appendix, Table S1) (4–6, 13–15, 19, 24, 25, 33–42). Fig. 3J 
displays the macroadhesion photos in air after SLU- adhesive was 
adhered to different substrates underwater and placed for 24 h in 
water. For PMMA substrate material, the 12- kg kettlebell could be 
easily lifted without separation or dislocation observed (the adhe-
sion area was 14.78 mm × 41.41 mm). Such excellent adhesion 
was also observed on many other substrates, e.g., Fe, Al, and PE.

Traditional glue- type adhesives generally require ineluctable 
long curing times. Unfortunately, their curing rate can be difficult 
to increase due to their inherent polymerization mechanism, such 
as electrostatic complexation, hydrophobic self- aggregate, hydro-
gen bond interaction, cation–π interactions, etc. (2). The curing 
and gelling process of SLU- adhesive originates from the chemical 
reaction of isocyanate groups and interfacial water, and increasing 
the temperature will speed up the reaction rate, thus effectively 
controlling the gelation time (43). As shown in Fig. 4A, adhesion 
strength to PI substrate increased with temperature. As shown in 
SI Appendix, Fig. S20, SLU- adhesive bonding with PI substrates 
could reach maximum adhesion strength of ~600 kPa after soaking 
in 80 °C water for 40 min (adhesion strength comparable to 24 
h at room temperature), which was better than most polymer 
solution type underwater adhesives (Fig. 4F). To enable a localized 
and remote- controlled adhesion enhancement, we incorporated 
photothermal multiwalled CNTs (MWCNTs) into SLU- adhesive 
to fabricate the MWCNTs/SLU- adhesive (Fig. 4B). Fig. 4C shows 
that there is good compatibility between MWCNTs and 
SLU- adhesive, which is also the basis for introducing MWCNTs 
to accelerate the adhesion speed without sacrificing the adhesion 
properties. It is noteworthy that the doping of a very small amount 
(0.05 to 0.2 wt%) of MWCNTs in SLU- adhesive accelerates the 
curing rate, leading to high adhesion strength in a short period 
of time. Specifically, introducing 0.2 wt% MWCNTs into 
SLU- adhesive could lead to an adhesion strength of 405.3 kPa 
after exposure to near- infrared light (NIR) for 12 min. This clearly 
indicates that the high temperature accelerated the cross- linking 
reaction inside SLU- adhesive because of the photo- thermal effect 
of MWCNTs (SI Appendix, Fig. S19). When irradiating the 
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adhesive containing 0.05 wt% MWCNTs, the temperature could 
reach 38.3 °C within 2 min (Fig. 4D). Further increasing the 
MWCNTs content (e.g., 0.2 wt%) or extending the exposure time 
(e.g., 12 min) could magnify the photothermal effect, thus reduc-
ing curing time for high adhesion strength (SI Appendix, Fig. S23 
and Fig. 4E). In short, the controllability of chemical reaction 
rates opens a door to breaking the inherent limitation of tradi-
tional glue- type underwater adhesives that require long- term 
curing.

Applications of SLU- Adhesive. Owing to its simplicity and 
versatility, the self- adaptive adhesion system and SLU- adhesive 
with deep removal of interfacial water and self- adaption gelation 
has potential applications underwater engineering and intelligent 
sensors. For example, similar to the function of plant roots, SLU- 
adhesive could be used as wet soil or sand- adhering material to fix 
loose soil or sand in water due to its excellent fluidity, wettability, 
and underwater adhesion (Fig. 5A). As shown in Fig. 5B, SLU- 
adhesive was dripped into sand submerged in water. With the 

flow, penetration, and wetting of the liquid adhesive, most of 
the sand grains were encapsulated by the adhesive. After 24 h, 
the agglomerated sand could be lifted by cotton threads stuck 
in the sand without loose sand falling off (Movie S3). The result 
indicates that the fixation of loose sand by SLU- adhesive can 
be easily achieved through water- induced coagulation and 
solidification without any external stimulation. This property can 
be utilized in many potential applications, such as underwater 
quicksand tunnels where sand fixation is required, and the shores 
of artificial islands, where sand needs fixation to prevent seawater 
erosion. What is more, it is also evident that the SLU- adhesive 
exhibits excellent adhesion strength to nonideal (rough) surfaces 
commonly seen in real- world scenarios, thus has great potential 
for practical applications (Fig. 5C). The fast and strong in- situ 
adhesion properties of SLU- adhesive make it convenient and 
reliable for use in underwater engineering. As shown in Fig. 5D, 
MWCNTs/cotton/SLU- adhesive hybrid material was successfully 
used to repair damaged boats. To illustrate this process, we drilled 
nine- round holes (diameter = 0.4 cm) into the wooden boat 
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and placed it on the water (Fig.  5E). Then water was poured 
into the wooden boat through the holes and the boat started to 
sink (Fig. 5 F, i). Afterward, we used MWCNTs/cotton/SLU- 
adhesive hybrid material to repair the damaged part of the boat 
underwater (Fig.  5 F, ii). After 10 min of NIR irradiation to 
accelerate curing (Fig. 5 F, iii), the damaged hull was repaired, 
and the water seeping into the boat was removed (Fig. 5 F, iv). 
The repaired boat was then placed into the water again and was 
capable of floating without any water leaking through the sealed 
holes (Fig.  5G). To further verify the stability of the repaired 
boat under full- load conditions, a weight of 800 g was placed 
inside the wooden boat, and the damaged areas were checked for 
water seepage (Fig. 5H). The result showed that the MWCNTs/
cotton/SLU- adhesive hybrid material still firmly adhered to 
the damaged regions and no water penetrated into the wooden 
boat (Movie S4). For hulls, pipelines, and other objects that are 
subject to high shock pressure, the repaired parts are most prone 
to accidents. Therefore, it is very important to detect and monitor 
the stability of the maintenance site in real time. Most real- time 
monitoring requires additional complex detection systems, 
which also greatly limits the monitoring of complex and large 
numbers of adhesion sites. Here, SLU- adhesive can also be used 
as a sensing material to monitor its adhesion state in real time, 
which will facilitate the detection of repaired sites. Specifically, 
double- sided adhesive materials of MWCNTs/SLU- adhesive/PE/
MWCNTs/SLU- adhesive were used for underwater repairing and 
real- time detection of adhesion state (Fig. 5I and SI Appendix, 
Fig. S22). The ΔR/R0 of the hybrid adhesive materials exhibited 
an increasing trend with the impact of external force, which might 
be related to the adhesive deformation (44). Meanwhile, it was 
found that the resistance could smartly drop back to the original 
value after releasing the strain, showing excellent strain- dependent 
recoverability. Once the adhered material was damaged under the 
impact of external force, the ΔR/R0 of the material would increase 
rapidly and could not be recovered, which might be related to its 
plastic deformation. As shown in Fig. 5J, when the repaired 6 holes 
were successively damaged under the impact of external force, 
their corresponding ΔR/R0 also increased step by step.

Conclusion

In summary, we have developed a high- performance liquid adhe-
sive material that can perform adhesion operations underwater. 
Based on a series of self- adaptive adhesion procedures, including 
replacing, removing, consuming interfacial water, and self- gelling, 
SLU- adhesive achieves strong underwater adhesion strength to 
various materials, including inorganic metal materials and organic 
plastic materials, in different environments, such as pure water, a 
wide range of pH solutions (pH = 3 to 11) and seawater, without 
any preload or external trigger. In this work, water acts as a helper 
instead of an obstacle. Moreover, different from traditional glue- 
type adhesives which require a long curing time, MWCNTs/SLU- 
adhesive is able to achieve robust and optimal adhesion under 
40- min NIR light irradiation, which is also attributed to the pos-
itive correlation of underwater adhesion strength with tempera-
ture. This fast and remote in- situ underwater adhesion enhancement 
also facilitates its use in underwater engineering. We believe that 
this liquid underwater adhesive has potential and multipurpose 
applications in direct work bonding underwater, fixing scattered 
sand in water, underwater repairing, and underwater detection, 
etc. Also, this method of physical (bubbly drainage) and chemical 
(chemical reactions consume interfacial bound water) coupling 
water removal offers a platform for designing adhesives and func-
tional adhesion materials.

Materials and Methods

Materials. PMA (85%, stabilized with hydroquinone (HQ) + monomethyl ether 
hydroquinone (MEHQ), TCl), IA (98%, stabilized with butylated hydroxytoluene 
(BHT), TCl), 1- pyrenebutanol (99%, Sigma- Aldrich), 2,2′- Azobis (isobutyroni-
trile) (AIBN, 99%, recrystallization, Aladdin, Shanghai, China), MEA (98%, sta-
bilized with 80 to 120 ppm MEHQ, J&K, Beijing, China) was passed through 
an alkaline Al2O3 column to remove inhibitor. 2- Hydroxyethyl methacrylate 
(HEMA, 99%, Anhydrous, stabilized with 200 ppm MEHQ, Aladdin, Shanghai, 
China), dibutyltin dilaurate (DBTDL, 97.5%, J&K, Beijing, China), carboxylic 
MWCNTs (MFCD00133992, Macklin, Shanghai, China), dichloromethane, N, N′- 
dimethylformamide (DMF), and n- hexane were purchased from Rionlon Bohua 
(Tianjin) Pharmaceutical Chemical Co. Ltd. Other regents were used without any 
purification. Deionized water was utilized in all processes.

Synthesis of PBMA (Fluorescent Monomer). 1- pyrenebutanol (0.28 g,  
10 mmol) was dissolved in 10 mL dichloromethane and subsequently transferred 
into a light- shielded three- neck flask. The mixture was then placed in an ice bath 
and nitrogen gas was introduced for 30 min. Afterward, 0.17 mL triethylamine 
was added and stirred for another 30 min. Next, 0.18 mL methacrylic anhydride 
was slowly added to the reaction system over a period of time, and the reaction 
was allowed to proceed for 18 h. After the reaction, the solution was washed with 
HCl (2 mol/L), saturated NaHCO3 solution, and saturated NaCl solution three 
times, respectively. The residual water was removed using anhydrous magnesium 
sulfate. After vacuum evaporation, the crude product was recrystallized with ethyl 
acetate to get white powder.

Synthesis of Poly (PMA- co- IA- co- MEA) [p(PMA- co- IA- co- MEA)]. In the first 
step, PMA monomer (2.0624 g, 10 mmol), MEA monomer (0.9761 g, 7.5 mmol), 
AIBN (0.0328 g), and DMF (10 mL) were simultaneously added into a reaction 
tube. The mixture was heated to 70 °C under N2 atmosphere. After 30 min, the 
IA monomer (0.3443 g, 2.4 mmol) and DMF (5 mL) were added into reaction 
system. The reaction ended after 12 h.

Synthesis of Poly (PMA- co- MEA). PMA monomer (2.0624 g, 10 mmol), MEA 
monomer (0.9761 g, 7.5 mmol), AIBN (0.0294 g) and DMF (10 mL) were simul-
taneously added into a reaction tube. The mixture was heated to 70 °C under N2 
atmosphere. The reaction ended after 12 h.

Synthesis of [methacrylated p(PMA- co- IA- co- MEA)] (MASLU- adhesive). 
After the p (PMA- co- IA- co- MEA) reaction was completed, the temperature was 
decreased to 30 °C. HEMA (0.3383 g, 2.6 mmol) and 10 μL DBTDL were dissolved 
in 2 mL DMF, then added to the reaction system. The mixture reacted for 48 h in 
the dark. The modified polymer was obtained by washing three times with methyl 
tert- butyl ether and drying.

Preparation of MWCNTs/SLU- Adhesive Hybrid Material with Photothermal 
Functionality. The MWCNTs were incorporated into the SLU- adhesive according 
to the required mass fraction. In order to obtain a homogeneous material, the 
mixture was ultrasonically dispersed for 1 h, and obtained the MWCNTs/SLU- 
adhesive hybrid material.

Preparation of MWCNTs/Cotton/SLU- Adhesive Hybrid Material. Cotton was 
immersed in the above- prepared MWCNTs/SLU- adhesive hybrid material. In order 
to allow the cotton to inhale sufficient adhesive, the cotton was soaked in the 
material for 1 h, and obtained the MWCNTs/cotton/SLU- adhesive hybrid material.

Preparation of Sandwich- Structured Hybrid Adhesive Materials of 
MWCNTs/SLU- Adhesive and PE. The above- prepared MWCNTs/SLU- adhesive 
hybrid material, was applied to one side of the PE and then immersed them in 
hot water at 60 °C for 30 min to cure. Next, in the same way, the other side of 
the PE was coated with the above- prepared MWCNTs/SLU- adhesive hybrid mate-
rial and immersed in hot water to cure, thus preparing to obtain the sandwich- 
structured hybrid adhesive materials of MWCNTs/SLU- adhesive and PE. As shown 
in SI Appendix, Fig. S22, the thickness of this material was 280 μm.

Characterizations. The structure of synthesized polymers (water- cured) were 
characterized by 1H NMR spectrum (400 MHz, Bruker AM- 400, Switzerland) in 
chloroform (CDCl3). Nicolet IS10 FTIR spectrometer (Thermo Fisher Scientific Inc., 
USA) with a 4- cm−1 resolution was used to record the FTIR spectra. The contact D
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angles were measured at room temperature on an optical contact goniometer 
(DSA- 100 optical CA meter, Kruss Company, Ltd., Germany) after 20 µL drop of 
deionized water or adhesives was placed carefully on the substrate surface.

SFG Vibrational Spectroscopy. The SFG was acquired employing a commercial 
SFG system (EKSPLA Inc., Lithuania). In this work, a fused silica right- angled trian-
gular prism was used as the substrate. Teflon was used as a water carrier platform 
to keep the prism in contact with the water. At this point, the SFG signal of the 
interfacial water was collected. Then, the adhesive was brought into contact with 
the prism to remove its interfacial water, and the dynamics of the characteristic 
signal of the water over time was monitored. Finally, the SFG signal on the prism 
surface was collected after removing the interfacial water layer.

Rheological Properties Characterization of the Adhesive. The rheological 
properties of the adhesive were characterized by a oscillatory rheometry (RS6000 
HAAKE, Germany) at 25 °C and a frequency sweep (0.01 to 100 Hz) experiment 
was carried out to examine the storage (G’) and loss (G’’) modulus.

Measurement of Surface Roughness. The roughness of stainless steel were 
characterized by the 3D confocal microscope using an Olympus OLS 5000. Shot 
using a 500× magnification lens.

Measurement of Underwater Adhesion. Lap- shear test was performed 
on a WDW- 05 electromechanical tester (EZ- Test, SHIMADZU, Japan) to meas-
ure the adhesive strength of the adhesive. Before adhesion, the substrates 
were ultrasonically cleaned in ethanol, and deionized water for 10 min, then 
completely dried at 30 °C. The lap shear adhesion strength was employed 
to evaluate the adhesion of the adhesive. The underwater adhesion process 
was carried out in deionized water. The adhesive was evenly coated on the 
surface of one substrate, contacted with another substrate under water, and 
the joint area was recorded. Lap shear adhesion strength tests were performed 
after immersing the adhesion substrates in water for various times. Likewise, 
the adhesion strength of samples prepared in different water environments 
were measured such as seawater and different pH environment. The adhesion 
strength was calculated as F/S (F is the maximum load and S is the joint area). 
The crosshead velocity was 20 mm min−1. In each case, at least four samples 
are tested.

Fluorescence Observation. According to the method similar to the synthesis of 
p(PMA- co- IA- co- MEA), the fluorescent monomer synthesized above was added to 

the pre- polymerization solution, and after 12 h of polymerization, the obtained 
SLU- adhesive contained blue fluorescence. Rhodamine B was dissolved in water 
to obtain a solution containing yellow fluorescence. The water were dropped on 
the glass, which spread to form a layer of water film, and 7 μL SLU- adhesive were 
dropped on it with a syringe. The cover glass was quickly placed on it. Next, the 
interfacial phenomenon between water and the SLU- adhesive was monitored 
with a fluorescence microscope (OLYMPUS BX51, Japan).

In Situ Measure the Local Temperature of the SLU- Adhesive Underwater. 
A thermocouple thermometer was used to measure the underwater temperature. 
As shown in SI Appendix, Fig. S19, the test PI sheets were placed in the water 
bath, where the water surface was 2.5 cm from the bottom, and the temperature 
probe was adhered to the bottom of the test PI sheets, which was irradiated with 
NIR light at a height of 7 cm from the PI sheets. The temperature can be read on 
the screen of the thermocouple thermometer at different times of irradiation.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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