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Low temperature tolerant adhesive with high flexibility and adhesion strength
is highly desired yet challenging owing to the presence of obvious volume
shrinkage, increased brittleness, and reduced transmission of mechanical
stress at low temperature. Inspired by the cobweb, we hereby develop a kind of
flexible adhesive that can be used at low temperature by in-situ polymerization
of disulfide bond-based polymer with polyoxometalate. This low-temperature
tolerant adhesive presents high flexibility and adhesion strength, good pro-
cessability and reversible adhesion ability, a wide tolerable temperature range
(i.e., =196 to 50 °C), and a long-lasting adhesion effect (>80 days, 196 °C) that
is significantly better than commercial solvent-free adhesives. The adhesive
can be processed into high-strength cobwebs, injected into tiny tube models,
and adhered onto complicated interfaces. Notably, it enables to be kilogram-
scale produced through a solvent-free method, holding promise for potential
utilization in fields like repairing artifacts or precision instruments with micro-

fractures at low temperature.

Binding requirements in fields like precision instruments, cultural
artifacts, soft robots or wearable devices, especially for the repairing
of some micro-fractures in inaccessible positions, call for processable
and robust adhesives to maintain the functions and properties in a
cost-effective and convenient way' . At the same time, under harsh
conditions like low temperature, it is highly desired yet scarce to
develop powerful adhesives*® with viscosity, processability, as well as
low temperature tolerance. Nowadays, the traditional low-
temperature adhesion is commonly utilized by commercial hot melt
adhesives, such as ethylene-vinyl acetate copolymer (EVA), polyamide
(PA), and polyurethane (PUR), etc’ 2. Nevertheless, the temperature
tolerance of these polymer-based hot melt adhesives is limited to
around -50 °C, and their flexibility and adhesion strength would be
drastically reduced at low temperatures, owing to the existence of
some shortcomings such as low adhesion strength, embrittlement,
and debonding in a low temperature environment"*, Cobweb, a
marvelous biological material with extraordinary strength, flexibility

and viscoelasticity, has attracted the intense attention of researchers
in the past few decades. These outstanding properties are mainly
ascribed to the primary and secondary structures of spidroin, such as
composition and arrangement of amino acids offering excellent
viscosity, as well as strong interaction from massive (3-sheet and a-
helix assembly, offering strong strength and flexibility'*". Inspired by
nature, developing a new biomimetic material with excellent prop-
erties will be much necessary for the speedy development and ever-
increasing demand of processable adhesives with low temperature
resistance®* %,

The intrinsic reason for the flexibility of polymers is that the atoms
or groups in the chain can internally rotate around the covalent bond,
which will generate different conformations in space”*?*, resulting in
different degrees of curliness. In addition to this, the rotation or
bending effects, due to the existence of non-covalent bonds (e.g.,
hydrogen bonds) that can induce changeable bond length or bond
angle under external stimuli, can endow polymers with dynamic self-
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adaptation” 2%, In view of the flexibility nature of polymers, functional
agents that can provide abundant non-covalent bonds and reduce the
internal rotation barrier of the polymer would be desired to be intro-
duced to endow the target polymer-based complex with both viscosity
and flexibility at low temperature”?’. Aiming at this target and
screening the polymer types, rubber polymers, containing S-S bonds
with lower energy barrier for rotation around S-S axis than C-C axis,
would be akind of ideal matrix that might exhibit good flexibility at low
temperature, due to the lower energy barrier for rotation around S-S
axis than C-C axis®**.. Besides, as a kind of functional agents carrying
multiple hydrogen protons and oxygen-rich surface, poly-
oxometalates (POMs)**** would enable to form abundant hydrogen
bonds with rubber polymers to synergistically integrate high viscosity
with high flexibility, achieving a functional complex like cobweb® .
Meanwhile, the insertion of spatial POMs has proven to reduce the
cross-linking density of polymers and internal rotation barrier of
chemical bonds, thus might facilitate the relaxation of rubber polymer
chains, weaken residual stress, and increase flexibility of the rubber
polymers™*®*. If it can be processed under solvent-free conditions*?,
low temperature resistance could also be integrated, achieving a kind
of interesting and strong cobweb-like adhesive with combined func-
tions of viscosity, flexibility, and low temperature resistance. Such
interesting materials would be of broad interest in material science
fields and have great potential in related applications under specific
circumstances, while no related works have been reported as far as
we know.

Here, we have fabricated a type of cobweb-inspired H;SiW;,040
(SiWy,) based solvent-free polymer (CSSP) adhesive with high flex-
ibility and ultra-low temperature resistance via an in-situ assembly
method (Fig. 1), which can be facilely scale-up manufactured on a
kilogram scale. The CSSP adhesive shows high adhesion strength at
ultra-low temperature, good interface affinity for different substrates,
and favorable long-range stability. This work may promote the devel-
opment of flexible adhesives working at ultra-low temperatures for
potential utilization in fields repairing artifacts or precision instru-
ments with micro-fractures.

Results and discussion

Synthesis and characterizations of the CSSP adhesive

The solvent-free CSSP adhesive is facilely prepared through the in-situ
polymerization (ROP) and assembly between thioctic acid (TA) mono-
mer and SiWy, under a heat-assisted process (Supplementary Fig. 1, detail
see Methods). Fourier-transform infrared (FT-IR) spectra (Fig. 2a and
Supplementary Figs. 2, 3) confirm that the characteristic peaks (e.g., W =
Oy, Si-0,, W-O,-W, and W-O.-W) of SiW;, are still clearly discernible in
CSSP adhesive, indicating the retained structure of SiWy, within the CSSP
adhesive matrix. Moreover, the appearance of a new peak at 3508 cm™
reveals the presence of hydrogen bonds*’, meanwhile a slight shift for
the carbonyl group (C=0) in TA is observed from 1693 to 1705 cm™ after
forming CSSP adhesive, which is ascribed to possible hydrogen-bonding
interaction**. Additionally, the powder X-ray diffraction (PXRD) confirms
an amorphous feature of CSSP adhesive (Fig. 2b), which is different from
SiWy, and TA, or even poly(thioctic acid) (PTA) (Supplementary Fig. 4).
Besides, C nuclear magnetic resonance (*C NMR) and 'H NMR spectra
(Fig. 2c and Supplementary Figs. 5 to 8) verify the conversion of TA
monomer into PTA polymer in producing CSSP adhesive***¢, The proton
signal is widened and slightly shifted to low field for CSSP adhesive when
compared with TA, possibly due to the existence of intermolecular
hydrogen bonds**%, Simultaneously, the Raman spectroscopy shows
that the distinctive peak of disulfide bonds notably shifts from 511 to
525cm™, proving the occurrence of transformation from cyclic dis-
ulfides of TA monomer into linear disulfides of CSSP adhesive*’ (Fig. 2d
and Supplementary Fig. 9).

Furthermore, matrix-assisted laser desorption ionization time-of-
flight mass spectra (MALDI-TOF-MS) reveals the presence of linear
polymer (Mn, ~3032) in CSSP adhesive, suggesting the success of ring
opening polymerization through the heat-assisted process® (Fig. 2e
and Supplementary Fig. 10). Moreover, **Si NMR (Fig. 2f) spectra dis-
play that the chemical shift (-85.47 ppm) of Si element in CSSP
adhesive is almost the same with that of SiW;, (-85.53 ppm), verifying
the remained Keggin-type structure of SiWy, within the CSSP adhesive
matrix. Additionally, the W 4f, S 2p and C 1s signals are explicitly
detected by X-ray photoelectron spectroscopy (XPS) (Supplementary
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Fig. 1| Schematic illustration of low temperature tolerant adhesive with high
flexibility inspired by cobweb. a The silk fibrils in cobweb with abundant B-sheet
and a-helix secondary structures (the structure of spidroin is from public domain
(RCSB PDB) without copyright restrictions (Yang, K. K., Yeh, H., & Zanichelli, N.

(2022). Masked inverse folding with sequence transfer for protein representation
learning (1.0). Zenodo. https://doi.org/10.1234/mifst)). b Schematic representation
of CSSP adhesive.
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Fig. 2 | Characterizations of the CSSP adhesive. a FTIR spectra of CSSP adhesive,
SiWy,, and TA. b PXRD patterns of CSSP adhesive, SiW;,, and TA. ¢ 'H NMR spectra
of CSSP adhesive, PTA and TA in DMSO-d, (500 MHz). d Raman spectra of CSSP
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adhesive, SiWy,, and TA. e MALDI-TOF-MS spectrum of CSSP adhesive. f*Si NMR
spectra of CSSP adhesive and SiW;, in DMSO-d (500 MHz).

Fig. 11). The appearance of W** (4f5,, and 4f5,) indicates the occurrence
of charge transfer between PTA and SiW;, (Supplementary Fig. 12),
whichis further verified by diffuse reflectance UV-vis absorption due to
the additional strong and broad absorption at A >500 nm for CSSP
adhesive (Supplementary Fig. 13). The S 2p spectrum of CSSP adhesive
includes two peaks of disulfide peak at 164.55eV and aliphatic orga-
nosulfur peak at 163.31eV (Supplementary Fig. 14), implying the
occurrence of ring-opening polymerization of disulfide bonds on the
five-membered ring of TA monomer*. Meanwhile, the increased
intensity of C-O bonds in CSSP adhesive confirms the possibility of
hydrogen bonds® (Supplementary Fig. 15). Scanning electron micro-
scope (SEM) and energy-dispersive X-ray spectroscopy (EDS) element
mapping tests are carried out to characterize the morphology of CSSP
adhesive. The results show that CSSP adhesive exhibits flat and dense
surfaces, and different elements from SiW;, and TA are evenly dis-
tributed in CSSP adhesive (Fig. 3a and Supplementary Fig. 16).
Adhesive materials with high mechanical strength and long-term
stability play a crucial role in the practical application process®.
Satisfyingly, the CSSP adhesive attached to the SS substrate can facilely
lift a weight of ~60 kg (Fig. 3b), suggesting its favorable adhesion
property. Moreover, this adhesive can also tolerate a weight of 2 kg for
100 days (Supplementary Fig. 17), implying the strong and long-lasting
adhesion behaviors of the CSSP adhesive. Additionally, the CSSP
adhesive is capable of achieving kilogram preparation. The raw
materials of this adhesive are easily available, and it is expected to
further reduce production costs when it is produced on a large scale
(Fig. 3b). In comparison with PTA, the CSSP adhesive exhibits higher
viscosity at temperature below 50 °C as presented in the viscosity tests
(Fig. 3c). The gradually decreased viscosity is accompanied by high
liquidity with increasing temperature, which will facilitate spreading
and adhesion on substrates. Besides, the CSSP adhesive can be readily
adhered onto different substrates including artificial and natural
materials (Supplementary Fig. 18). Subsequently, the quantitative
adhesion strength is tested by a lap-shear joint method. As a result, the
CSSP adhesive exhibits high adhesive performances on stainless steel
(SS, 3.5MPa), aluminum (Al, 3.2 MPa), and glass (2.8 MPa) due to

strong chemical bonds and mechanical interlocking with substrates™,
which is comparable to most of reported solvent-free adhesives
(Supplementary Table 1). Contrastively, the bonding strengths are
relatively weaker on polyetheretherketone (PEEK), polypropylene (PP)
and polytetrafluoroethylene (PTFE) substrates with lower surface
energy (Fig. 3d). Noticeably, the admirable adhesion capacity sur-
passes almost all of POMs-based adhesives reported nowadays (Sup-
plementary Fig. 19 and Supplementary Table 2). The adhesion time is
also examined, and the result shows that the adhesion strength of
CSSP adhesive could reach maximum within 10 min for SS substrate
(Supplementary Fig. 20). Additionally, we screen a series of advanced
adhesives, namely solvent-free EVA, TPU, double-sided tape, and
solvent-based 3 M instant adhesive, for the purpose of comparing their
shear strengths with that of CSSP adhesive. Notably, the shear strength
of CSSP adhesive is comparable or greater than currently available
commercial adhesives, such as solvent-free TPU (-4.81 MPa), EVA
(-3.13 MPa), double-sided tape (DST, ~0.35 MPa) and solvent-based 3 M
instant adhesive (-1.93 MPa) (Supplementary Fig. 21). Furthermore,
there is no significant weakening of adhesion strength for the CSSP
adhesive after undergoing 20 cycles of adhesion and deadhesion
through simple heating and cooling treatments (Fig. 3e). In addition,
the adhesion failure after detachment primarily occurs in adhesive
itself for SS substrate and interfacial adhesion for PTFE substrate
(Supplementary Figs. 22 and 23), respectively, because the SS sub-
strate has higher free energy and roughness than PTFE substrate®.
Achieving both high toughness and flexibility for adhesive mate-
rial is an indispensable and important property in the fields of flexible
electronics industry and wearable devices*®. Here, the CSSP adhesive
can be drawn into longer fibers under the heat-assisted method, and be
woven into a resembling cobweb (Fig. 3f), indicating its favorable
toughness, flexibilit,y and processability. Furthermore, the CSSP
adhesive can not only adhere to different materials (Supplementary
Fig. 18), but also be injected into tiny glass tubes with different models
(such as “I”, “V”, “Y” or even sophisticated “Love” model) (Fig. 4a-d),
suggesting its favorable processability that can be potentially used to
repair the local micro-fracture inside precision instruments through an
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Fig. 3 | Morphology, flexibility, and mechanical property of the CSSP adhesive.
a SEM and corresponding elemental mapping images of CSSP adhesive (scale bar,
20 um). b Macroscopic photographs of CSSP adhesive obtained in kilogram scale
and a weight of -60 kg bonded by CSSP adhesive. ¢ Shear viscosity of PTA and CSSP

adhesive. d Shear strengths of CSSP adhesive on different substrates. e Cycling
stability of CSSP adhesive. f A resembling cobweb woven using CSSP adhesive
(scale bar, 2 cm). The error bars for d, e represent mean + standard deviation (n=3
independent samples).

injection bonding method. In addition, it is also suitable for the com-
plicated interface bonding, like irregular glass or stone. The separated
glass tubes can be easily adhered together into an integral shape by
CSSP adhesive (Fig. 4e), which can be lifted easily without falling off.
Simultaneously, the broken interface of a “Monkey King” statue in
stone material can also be perfectly repaired by CSSP adhesive to
maintain the original features, which can tolerate its own weight of
~500 g (Fig. 4f). These results demonstrate its distinctive repairing
ability in complicated interface processing like artifacts or precision
instruments with micro-fractures. The maintenance of good interfacial
infiltration in extreme conditions like non-polar solvent environment is
also an eye-catching trait for the adhesive”. To test the resistance to
non-polar solvents, the CSSP adhesive is adhered to SS substrates and
tested by soaking in some solvents, including mesitylene (TMB),
dichlorobenzene (DCB), petroleum ether (PE), octanoic acid (OA), and
cyclohexane (CYH). Strikingly, no separation occurs, and the shear
strengths remain relatively stable after 15 days (Supplementary
Figs. 24 and 25). In sharp contrast, a commercially available hot melt
adhesive (EVA) displays negligible shear strength after soaking in
mesitylene for 7 days (Supplementary Fig. 26). More interestingly, the
CSSP adhesive is capable of preventing an emergency leakage for PE
solvent (Supplementary Fig. 27 and Supplementary Movie 1). In addi-
tion, the resistance of CSSP adhesive to polar solvents like water or
ethanol has been investigated through immersion experiments. The
result shows that a minor amount of CSSP adhesive is dissolved after
immersion in water (or ethanol) for 1 day at room temperature (Sup-
plementary Figs. 28 and 29). Interestingly, the CSSP adhesive slightly
becomes soft and partly transforms into a traditional solvent-assisted
adhesive, owing to the interaction of water molecules (or ethanol) with
adhesive that results in parts of the hydrogen-bonded networks in
CSSP adhesive being collapsed and rebuilt. Meanwhile, the stability
and viscosity of CSSP adhesive under different pH conditions (pH=1,7
and 14) are assessed (Supplementary Figs. 30 and 31). Moreover, the
adhesion strengths of CSSP adhesive under varying relative humidity

conditions (from 40% to 80%) have been tested, and the experimental
results clearly indicate that the adhesion strengths of CSSP adhesive
only have slight decrease with the increase of relative humidity (Sup-
plementary Fig. 32), proving its good resistance to humidity.

Based on the above discussion, the SS substrate is chosen as a
model to further assess the adhesion behavior and clarify mechanism
of CSSP adhesive. It should be mentioned that the CSSP adhesive (mass
ratio, TA: SiW;, =1: 2) can exhibit the maximum viscosity and shear
strength of 3.5 MPa on SS, which is significantly better than other mass
ratios (1: 1, 2.7 MPa; 1: 3, 1.8 MPa) (Supplementary Figs. 33 and 34).
Hence, the CSSP adhesive (mass ratio, TA: SiW;,=1: 2) is chosen as a
model sample for the following in-depth study. Noteworthy, the shear
strength of CSSP adhesive obviously exceeds the SiWy,-based solvent-
assisted adhesive (SSAA) (- 30 times, Supplementary Figs. 35 and 36).
As expected, an analogous adhesive (CPSP) based on H3zPW1,049
(PWy,) and PTA can also be obtained through a similar in-situ assembly
method (Supplementary Fig. 37), which has been verified by various
characterizations (Supplementary Figs. 38 to 40). The weaker shear
strength of CPSP adhesive than CSSP adhesive might be due to the less
protons of PWy, compared with SiWy,, which will reduce the cross-
linked sites in the assembly process (Supplementary Figs. 41 and 42).
Whereas, bulky materials with negligible viscosity are obtained when
replacing PW;, with Na;PW1,040 or replacing TA with Na-TA (Supple-
mentary Fig. 43), indicative of the dominating role of protons in the
formation of CSSP adhesive. Furthermore, we assess the effect of
disulfide bonds on the formation of adhesives by replacing TA with
octanoic acid (OA) (Supplementary Fig. 43). The result shows that no
adhesive is observed, suggesting that disulfide bonds play a vital role in
promoting the formation of adhesives.

Aside from high adhesion strength, the viscosity, energy storage,
and loss modulus of CSSP adhesive have been evaluated by rheological
characterization. Rheology tests show that the storage modulus (G),
loss modulus (G”), and complex viscosity (n*) of CSSP adhesive are
inversely proportional to the environmental temperature (Fig. 5a and
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Fig. 4 | The processability and interfacial adhesion tests of CSSP adhesive (scale ~ “Love” shape model. e The image of sticking scattered molds together into an
bar, 1 cm). a-c The images of transfusing the CSSP adhesive into different glass integrated shape model. f The images of repairing a fractured “Monkey King” statue
tube models. d The image of transfusing the CSSP adhesive into a sophisticated by CSSP adhesive.
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adhesive at cyclic temperature. b Macroscopic adhesion tests of CSSP adhesive in  f Temperature-dependent FT-IR spectra of CSSP adhesive from —196 to 90 °C.
liquid nitrogen (scale bar, 2 cm). ¢ Shear strengths of CSSP adhesive on SS sub- The error bars for ¢ represent mean + standard deviation (n =3 independent
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Supplementary Fig. 44). Actually, the G’ of CSSP adhesive is higher than
G” at below ~50 °C, demonstrating a gel-like or solid-like behavior”’.
Nevertheless, the G” of CSSP adhesive exceeds the G’ at above ~50 °C,
generating a viscosity-dominated state that is beneficial to the inter-
face adhesion. Furthermore, the CSSP adhesive exerts reversible G’, G”,
and n* with the operating temperature of the cycle between 20 and
90 °C, which is probably due to the solvent-free property and rever-
sible hydrogen-bonding interaction.

Low temperature-resistance and flexibility properties

At present, most adhesives tend to shrink, become brittle, and detach,
owing to the lack of flexibility and tolerance at lower temperature®,
Therefore, it is still challenging and highly desired to develop flexible
adhesives with ultra-low temperature tolerance ability. The thermo-
gravimetric analysis (TGA) and differential scanning calorimeter (DSC)
measurements show that the CSSP adhesive has a lower glass transi-
tion temperature (Tg) of -2.1 °C compared to that of TA (61.9 °C) and
PTA (53.1 °C) (Supplementary Figs. 45 to 47), indicating its better
flexibility at relatively low temperature. Noteworthy, the two SS slices
bonded using CSSP adhesive can carry a weight of 2 kg under liquid
nitrogen conditions, and still keep the original state when the sur-
rounding environment returns to room temperature (Fig. 5b and
Supplementary Movie 2). In stark contrast, the EVA adhesive adhered
between two SS slices will be broken instantly after immersing in liquid
nitrogen (Supplementary Fig. 48) owing to the existence of obvious
volumetric contraction and enhanced fragileness (Supplementary
Figs. 49 and 50). Then, the shear strength of CSSP adhesive is mon-
itored at different temperatures. The shear strength of CSSP adhesive
is negligible at 50 °C, and will gradually increase to a maximum value of
~3.9 MPa at 0 °C (Fig. 5¢c). After that, the shear strength decreases to
~2.3 MPa at -196 °C. It is worth noting that the shear strength of CSSP
adhesive can still remain stable despite being immersed in liquid
nitrogen for 80 days (Supplementary Fig. 51), implying good ultra-low
temperature tolerance and significantly better than commercial EVA.
To further verify the adhesion performance of CSSP adhesive for the
complicated interface at low temperature, the repaired “Monkey King”
statue mentioned above is immersed in liquid nitrogen, and no frac-
ture at the damaged interface is observed after treatment (Supple-
mentary Fig. 52 and Supplementary Movie 3), proving its ability in
repairing the complicated interface under ultra-low temperature.

In addition, to test the flexibility at low temperature, the CSSP
adhesive is coated on soft PE substrate, then immersed in liquid
nitrogen for ~60 s. After placing it in air for -15 s, the CSSP adhesive can
still be folded multiple times (Fig. 5d and Supplementary Movie 4). No
separation or rupture phenomenon is observed after repeating the
procedure of freezing-folding-freezing, suggesting admirable flex-
ibility at ultra-low temperature. However, the EVA adhesive tends to
fracture and fall off from PP substrate at low temperature (Fig. 5d and
Supplementary Movie 4). Additionally, we further examine the low-
temperature rheology of CSSP adhesive, which exhibits relatively
stable G’ and G” over a wide temperature range from -60 to 0 °C
(Fig. 5e), indicative of good tolerance toward low temperature.
Besides, the temperature-dependent FT-IR spectra of CSSP adhesive
(Fig. 5f, Supplementary Figs. 53 and 54) show negligible change in the
characteristic peaks of both TA and SiW;,, and evident signals of
H-bond at below 50 °C, indicating that the interactions in CSSP adhe-
sive remain almost intact over a wide temperature range.

The adhesion mechanism based on CSSP adhesion with favorable
adhesion properties is further investigated through theoretical calcu-
lations. Generally, the adhesion ability of adhesive materials depends
on two main factors, including cohesion and interfacial adhesion
effects™*~%, Whereas most adhesion mechanisms based on theoretical
calculations mainly focus on the simulation at room temperature, it is
still rare to study both cohesion and interfacial adhesion effects at low
temperature. Thus, the density functional theory (DFT) calculations

are performed to investigate the CSSP adhesive at the molecular level.
The results display that the interaction energy between PTA and SiWy,
is -107.53 kJ/mol (Fig. 6a, Supplementary Figs. 55 to 57), suggesting that
the binding stability between PTA and SiWy, will be obviously
strengthened through hydrogen-bonding interaction. Thus, the inter-
weavement of SiW;, into PTA networks can result in the formation of a
stable CSSP adhesive. Additionally, the molecular dynamics (MD)
simulation is carried out to further evaluate the temperature-
dependent interaction energy. The average interaction energy
between PTA and SiWy, at 25 °C is =3229 kJ/mol in the model system at
5ns (Fig. 6b and Supplementary Fig. 58). Besides, there exist
significant fluctuations of the interaction energy at 50 °C and
decreases to —3075 kJ/mol (Supplementary Figs. 59 and 60). Note-
worthy, the interaction energy at —196 °C rapidly reaches equilibrium
and holds steady, and the significantly enhanced interaction energy
remains at —3420 kJ/mol (Fig. 6b, d). The high interaction energy can
endow CSSP adhesive with large energy dissipation when dragging the
adhesive due to the existence of strong hydrogen-bonding interaction,
which might also be the main factors for CSSP adhesive to display
favorable adhesion and flexibility at ultra-low temperature. In sharp
contrast, the interaction energy is obviously reduced to -2661 kJ/mol
after replacing SiWy, with PW;;, because of the fewer protons provided
by PW;, to interact with PTA (Supplementary Figs. 61 and 62). In
addition, the interfacial adhesion effect is further evaluated using MD
simulations. The interaction energy between CSSP adhesive and SS
substrate (Supplementary Data 1) at 25 °C is average 15,752 kJ/mol in
the model system at 2 ns (Fig. 6¢ and Supplementary Movie 5). There is
a slight decrease (-14,977 kJ/mol) in the interaction energy at 50 °C
(Supplementary Fig. 63 and Supplementary Movie 6). It is worth noting
that the average interaction energy at 196 °C obviously increases to
-17684 kJ/mol (Fig. 6¢, e and Supplementary Movie 7), indicating its
good mechanical force transmission across the substrate and good
interfacial adhesion property at ultra-low temperature.

Inspired by the cobweb, we have developed a type of POMs based
low-temperature adhesive with flexibility through the in-situ poly-
merization of disulfide bond-based polymer with polyoxometalate.
The obtained CSSP adhesive exhibits high flexibility and adhesion
strength, favorable processability and reversible adhesion ability, a
wide tolerable temperature range (i.e., =196 to 50 °C), and a long-
lasting adhesion effect (>80 days, —196 °C) that is significantly better
than commercial solvent-free adhesives. Meanwhile, the adhesive can
be processed into high-strength cobwebs, injected into tiny tube
models, and adhered onto complicated interfaces. Noteworthy, it
enables to be kilogram-scale produced through a facile solvent-free
processing method. This work may provide a strategy to explore low-
temperature-tolerant adhesives with high flexibility that can meet the
stringent requirements under complicated working conditions.

Methods

Materials

All solvents and reagents obtained from commercial sources were
used without further purification. TA (99%) and Na-TA (98%) were
bought from Macklin Biochemical Technology Co., Ltd. (Shanghai).
SiW1, (99%), PWy, (98%), and NazPW1,040 (99%) were purchased from
Aladdin Industrial Corporation. Mesitylene (97%), dichlorobenzene
(98%), cyclohexane (99.7%), petroleum ether (=95%), methyl alcohol
(299.9%), and octanoic acid (=99%) were obtained from Shanghai Titan
Scientific Co., Ltd. The EVA (18 wt.%) adhesive was bought from Huiz-
hou Hengwang Hardware Plastic Co., Ltd.

Syntheses of the CSSP adhesive with different mass ratios
1:1,1:2and 1: 3)

The POMs based low temperature tolerant adhesives with high flex-
ibility were prepared using a simple in-situ assembly method. TA (1g)
and SiWy, (1, 2, and 3 g) were evenly mixed, then heated at 90 °C for 2 h.
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Fig. 6 | Theoretical calculations for the interaction between SiW;, and PTA.

a Independent gradient model based on Hirshfeld partition (IGMH) isosurfaces for
the interaction energy between SiW;, and PTA. b The interaction energy between
PTA and SiWy, at 25 and -196 °C for the final 5 ns in the MD simulation. ¢ The
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interaction energy between CSSP adhesive and SS substrate at 25 and -196 °C for
the final 2 ns in the MD simulation. d The configurations of molecular models of
SiWy, and PTA at -196 °C. e The configurations of molecular models of CSSP
adhesive and SS substrate at -196 °C.

The cobweb-inspired SiWy,-based solvent-free polymer (CSSP) adhe-
sive was obtained after cooling to room temperature. The CSSP
adhesive can also be prepared on a kilogram scale by increasing raw
materials in equal proportions. As a contrast, another cobweb-inspired
PWp-based solvent-free polymer (CPSP) adhesive was obtained by
replacing SiW;, with PWy, under a similar preparation method. In
addition, The SiWy,-based solvent-assisted adhesive (SSAA) was pre-
pared by heating the mixture of SiWy, and TA in methyl alcohol for
30 min (TA: SiWy, =1: 2; 90 °C).

Data availability

All data that support the findings of this study are available within the
paper and its supplementary information files or are available from the
corresponding authors upon request. Source data and coordinate files
for computational measurements are provided with this paper. Source
data are provided with this paper.
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