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Abstract 

Polymer materials that are able to self-heal in humid conditions or even in water are highly 

desirable for their industrial applications. However, the development of underwater self-healing 

polymer materials is very challenging since water molecules can readily disturb traditional 

noncovalent bonds, such as saturate the hydrogen bonds, coordinate with the metal cation, as well 

as solvate the ions. In this paper, we employed a new type of dipole-dipole interactions as the 

driving force, combining with highly polar and hydrophobic fluorinated polymers, to successfully 

demonstrate a underwater self-healing elastomer. The polymer materials is transparent and 
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stretchable. It can remain stable underwater for months without significant decaying of mechanical 

properties. Upon a mechanical damage, the material is able to self-heal automatically in the air, 

underwater and under very harsh aqueous conditions (including seawater, highly acidic media and 

highly basic media etc).
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Self-healing refers to the capability to heal itself upon mechanical damage[1-3]. Recently, materials 

with the capability to self-heal have become more and more desirable because it can greatly 

enhance the reliability and safety of the related devices[4-12]. Based on self-healing polymer 

materials, a variety of self-healable electronic devices including batteries, supercapacitors and 

artificial muscles have been demonstrated. Previously reported reversible self-healing materials are 

generally based on non-covalent bonds triggered by external stimulus[4-6], including heat[5], light[6], 

etc. Furthermore, autonomous self-healing polymers based on hydrogen bond[7,8] and metal ligand 

coordination[9] have also been reported.  

Considering the long-term usage of self-healing polymers, high-humidity conditions or even 

underwater conditions cannot be avoided. Therefore, it’s now recognized that the stabilities of self-

healing polymer underwater have become necessary, not mentioning the huge importance in the 

areas of biological and environmental fields[13,14]. However, most reversible self-healing polymers are 

not stable under humid conditions owing to the limitations of their reversible bonds for self-healing 

process. Currently reported reversible self-healing polymers are mostly based on dynamic bonds 

including hydrogen bond, metal-ligand coordination, ionic interaction, etc. Majorities of these 

dynamic bonds are not stable in water. Water molecules can play multiple roles: donor and acceptor 

of hydrogen bonds, ligand, polar solvent, etc. It means the dynamic bonds will be disturbed in many 

ways: water molecules will saturate the hydrogen bonds, coordinate with the metal cation, as well 

as solvate the ions, and therefore significantly lowering the bonding constants of these bonds. The 

self-healing materials will then swell and lose their self-healing capability.  

Previous reported underwater dynamic bond are mainly two types: i) boronic acid 

derivatives that contain boronic-ester or boroxine bonds[15-20]; ii) hydrogen bonds between catechol 
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groups which inspired by nature[19-26]. However, they both have many limitations. The boronic acid 

derivatives suffer from severe hydrolysis and they are very unstable underwater. The nature-

inspired catechol groups can bond well with each other and keep the adhesion underwater. 

However, the hydrogen bonds between catechol are very sensitive to pH conditions, which strongly 

restricted their practical applications. Recently, Bao et al. had a breakthrough of using specially 

designed hydrogen bonding directly underwater self-healing polymers but swelling is still a long-

term concern due to the nature of water molecules[27]. The key question is, how can we design and 

develop a robust, reversible bond under water and how can we introduce the bond into self-healing 

polymers? 

Herein, we utilized a brand-new approach of polymer design and successfully developed a 

transparent elastomer that can autonomous self-heal under all types of water conditions. The 

elastomer has similar mechanical properties like conventional soft rubber, which can be stretched to 

up to ten times of its original length. The material can remain stable underwater for months without 

significant decaying of their mechanical properties. Most importantly, upon mechanical damage, the 

material is able to self-heal automatically underwater, even at very harsh conditions, such as 

seawater, highly acidic media and highly basic media.  

The key in polymer design is that we have developed a new type of dynamic bonds that can 

work underwater. As we discussed earlier, one key reason for the failure of reversible bonds comes 

from the multitype interactions between water molecules and the “active sites” of the reversible 

bonds, such as hydrogen bond, coordination and solvation. So different from all the previous design 

of self-healing polymers, we use the dipole-dipole interaction between hydrophobic C-F bonds to 

build self-healing polymers. We choose this interaction for the following two reasons:  
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i) The bonding constant of the dipole-dipole interaction between the C-F bonds are very 

strong. Owing to the highest electronegativity of fluorine, the C-F bond is highly polarized with the 

electron density substantially on fluorine. The C-F bond exhibit significant ionic character rather than 

the classic electron sharing of a covalent bond[28]. Due to the large dipole moment (1.85 Debye in 

fluoromethane), C-F bond interact with its environment principally through electrostatic (dipole–

dipole and charge–dipole) interactions[29-31]. If we use the CF3 groups, the dipole moment is even 

larger. The intermolecular and intramolecular dipole-dipole interactions of C-F bond have been well 

established in the previous arts[29-34]. Because of the incorporation of dipole-dipole interaction, there 

is no metal cation or ionic component in our system, avoiding the interference of coordination and 

solvation of water molecules. 

ii) Unlike oxygen or nitrogen, the three lone pairs on fluorine are held tightly due to the high 

electronegativity of fluorine and the strong electrostatic nature of C-F bond, which render C-F bond 

a very poor hydrogen bonding acceptor[35-38]. Therefore, C-F bond will not interact with water 

molecules, that’s also one important reason to the hydrophobicity and chemical stability of 

fluorinated polymers. As a result, the water environment will have very limited effect on the bonding 

constant of dipole-dipole interactions between the C-F bonds. 

The next step is how to implement this reversible interaction into self-healing polymer 

design. We know that the dipole-dipole interactions between C-F bonds are still not strong enough 

to making self-healing polymers. Poly(vinylidene fluoride) (PVDF) cannot self-heal no matter how 

much plasticizer were added (Figure S1). The dipole-dipole interactions between CF3 groups, which 

has much larger dipole moments, were chosen as the driving force. In addition, we used a polymer 

chain with many CF3 groups and use the cooperation effects of these dipole-dipole interactions. 
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Here, we choose poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), a random copolymer 

of vinylidene fluoride (VDF) and hexafluoropropylene (HFP) as the base polymer to build our self-

healing polymers. In the copolymers, VDF component is very crystalline and relatively nonpolar. HFP 

component is amorphous but highly polar. Different from conventional VDF-HFP copolymers, which 

generally contains low molar content (10%) of HFP component, we choose the p-PVDF-HFP 

copolymer with higher HFP content of more than 40%. In fact, the traditional PVDF-HFP polymer 

with low content of HFP component won’t work for our purpose. The increase of HFP component 

can drastically change the properties of the polymers. Firstly, different from traditional PVDF-HFP 

polymers, which are highly crystalline, our p-PVDF-HFP polymers are softer and amorphous. 

Secondly, the polymer possesses much higher dipole moment because of the presence of HFP. In 

this way, there are strong dipole-dipole interactions between the polymer chains. At the same time, 

we need to control the amount of HFP component. If the content of HFP is too high, the polymer will 

then be too soft for practical applications. 

The strong dipole-dipole interactions between p-PVDF-HFP were confirmed using density 

functional theory (DFT) calculations. As shown in Scheme 1, our fluorinated polymer exhibited a very 

high dipole moment of 5.507 Debye[39] and a strong binding energy between oligomers of 11.3 kcal 

mol-1. Furthermore, we performed full geometry optimizations in the presence of a polarizable 

continuum model (PCM) to investigate the influence of water on the intermolecular binding 

between two p-PVDF-HFP monomers[40]. Notably, the binding energy was calculated to be 10.3 kcal 

mol-1 in a water environment using PCM-based calculations. This value is only slightly less than the 

intermolecular binding energy between the p-PVDF-HFP monomers in the vacuum. The calculation 

results confirmed that the dipole-dipole interaction can still work well underwater. 
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However, p-PVDF-HFP itself cannot self-heal. The reason is the polymer material need a low 

enough glass transition temperature (Tg) to give the polymer chains sufficient flexibility at room 

temperature to enable diffusion and re-entanglements of polymer chains at damaging locations, 

which are necessary for the healing process. Our strategy is to enhance chain flexibility and activate 

the dynamic dipole-dipole interactions between polymer chains using plasticizers. To make the 

polymer materials self-healable underwater while maintaining their mechanical performance, the 

plasticizers are required to be i) highly hydrophobic and ii) highly compatible with our p-PVDF-HFP 

polymer.   

The plasticizers we chose are polar hydrophobic small molecules including succinonitrile 

(SN), dioctyl phthalate (DOP) and dibutyl phthalate (DBP), which are previously known as plasticizers 

for polar polymers. We then use a co-solvent to dissolve both the p-PVDF-HFP polymers and 

plasticizers. Solvent was then removed after thoroughly mixing, the polymer-plasticizer complex was 

dried under vacuum to obtain a solid material. Notably, all these complexes showed drastically 

different physical appearance and mechanical properties, as shown in Figure 1a. At a 15 wt% of 

plasticizers content, p-PVDF-HFP-SN and p-PVDF-HFP-DOP complexes are translucent with obvious 

phase separations, indicating their low chemical compatibility. In comparison, the p-PVDF-HFP-DBP 

complex is highly transparent with no phase segregation, indicating a good chemical compatibility. 

The average transmittance of the complex is more than 94% at the visible region (400 nm-800nm) 

with a film thickness of 0.2 mm (Figure 1b). The chemical compatibility also drastically influences 

their mechanical properties. As shown in Figure 1c, the p-PVDF-HFP-SN complex and p-PVDF-HFP-

DOP showed maximum elongations of 200% and 300% respectively. The p-PVDF-HFP-DBP complex, 

however, can reach a maximum elongation as high as 1000%. That is because when the chemical 
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incompatibility will generate a lot of defects, greatly reducing the mechanical stretchability. 

Therefore, p-PVDF-HFP-DBP complex was chosen as our polymer system.   

We further studied the mechanical properties of p-PVDF-HFP-DBP complexes with different 

percentages of DBP using tensile stress tests. As shown in Figure 1d, as the amount of plasticizer 

increases from 5% to 25%, the Young’s modulus of the polymer decreases from 0.64 MPa to 0.13 

MPa while the maximum elongations increase from 900% to 2600%. This observation is consistent 

with our polymer design. The increase of plasticizer can increase the chain flexibility, leading to a 

lower mechanical modulus and higher stretchability. This effect was also confirmed by the 

differential scanning calorimetry (DSC) measurement. Upon addition of 15% of DBP, its Tg decreased 

from -26.2 oC to -35.5 oC (Figure S2). At the same time, p-PVDF-HFP-15%DBP has a maximum 

stretchability of over 1000% and a modulus of 0.33 MPa, which are similar with the mechanical 

properties of conventional soft rubber. Therefore, the p-PVDF-HFP-15%DBP was used for our self-

healing study. In addition, the p-PVDF-HFP-15%DBP behaved typical viscoelastic property with a 

reversible stretching under 50% stretching and irreversible stretching between 50% and 1000% 

(Figure 1e).  

Notably, because of the high hydrophobicity of both the fluorinated polymer and DBP, the 

material is highly stable underwater. We measured their underwater stability by monitoring their 

mechanical properties after storing under water for different lengths of time. As shown in Figure 1f, 

even after storing under water for one month, the p-PVDF-HFP-15%DBP complex only showed very 

little drop on the mechanical performance. After one month under water, the Young’s modulus 

increased from 0.33 MPa to 0.44 MPa and the stretchability decreased from 1060% to 820%. These 

results confirmed that the material was stable under water.  



 

     

 

This article is protected by copyright. All rights reserved. 

10 

 

Apart from excellent mechanical properties and underwater stability, the p-PVDF-HFP-DBP 

complex also exhibited self-healing capability because of the dynamic dipole-dipole interactions 

between CF3 groups on the polymer chains. To monitor the self-healing properties, the polymer 

material samples with uniform sizes were cut into halves and then gently put together to let it heal 

for different time. We define the mechanical healing efficiency as the proportion of toughness 

restored relative to the original toughness (area under the stress–strain curve) because this takes 

into account the restoration of both stress and strain. Figure 2a shows the healing efficiencies of the 

materials in ambient air. The polymer exhibited fast healing speed in the ambient air, within three 

hours of healing at room temperature, the polymer can already be stretched to more 100% strain 

with a healing efficiency of 19.55%. After healing for 24 hours, the samples can be stretched to more 

than 300%. Upon a gentle heat of 60 oC, the healing speed can be even faster. Within three hours, 

the sample can be stretched to more than 300% and the healing efficiency is 33.21%. Within 24 

hours of healing at 60 oC in the air, the healing efficiency can reach as high as 81.60% with 

elongation over 900%. (Figure S3).  

The healing capability was also observed using microscope. As shown in Figure 2b, after 

healing for 3 hours, the scar at the damaging location became lighter significantly. Within 12 hours 

of healing at 60 oC, the scar almost disappeared, further confirming the fast healing speed. 

Since the dipole-dipole interactions are stable underwater, the materials are also able to 

self-heal underwater. To verify the underwater self-healing capability, we carried out self-healing 

tests similar with that in the air. The polymer samples were cut into halves and then gently put 

together underwater, which were subsequently left in water to allow the healing. When put the 

broken pieces together, the conventional self-healing polymer will lose the adhesion force at the 
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damaging locations. Our polymer materials, however, showed good adhesion at the damaging 

locations, indicating their healing capability underwater. Indeed, the polymer material can readily 

self-heal underwater, without any decay of healing efficiency. As shown in Figure 2c, after healing 

for three hours underwater, the materials can be stretched to 200% strain, which means that the 

polymer can indeed heal even under water. Within 24 hours, it can self-heal 30.61% of its toughness. 

The self-healing efficiencies of the material in the air and under water were summarized in Table 1. 

It can be seen from the table that the healing efficiencies of the materials are almost the same with 

those in the air. These results showed the superior healing capabilities under water. So far as we 

know, this is the first time that a material can have the same healing capabilities in water and in the 

air. Figure 2d-f shows the sample stretched to two times of its original length after healing three 

hours underwater. The healing speed underwater can be even faster at 60 oC. Within 24 hours, the 

healing efficiency reaches 68.84% with elongation over 800% (Figure 2g). 

The polymer material can not only self-heal in pure water but also under harsh conditions. 

The healing capabilities of the polymer materials in seawater, highly acidic conditions and highly 

basic conditions were also studied (Figure 2h). When the samples were healed in seawater, pH 1.3 

solution and pH 13 solutions for three hours, the healing efficiencies were 20.49%, 24.75% and 

24.40% respectively, which are very similar with that in DI water (22.33%). These results 

demonstrated that the healing is still very effective in these conditions. The reason for the good 

performances is again attributed to our polymer design. Fluorinated polymers are known to be 

stable under different conditions, including salt, pH, etc. In addition, the hydrophobic nature of the 

fluorinated polymer chains keeps the dipole-dipole interactions effective within and between the 

polymer chains, eliminating the interferences of water molecules.  
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It should also be noted that the healing phenomenon can only be observed at damaging 

locations. If we put two undamaged materials together, they will not heal, indicating that the healing 

locations are very specific. The damaging location also shows aging effects. When left the damaged 

pieces away from each other for some time, the healing efficiency will decay over time. As shown in 

Figure 2i and Figure S4, even after leaving the damaged materials in water and in the air for 12 

hours, the healing efficiencies dropped. That is because the polymer chains at the freshly cut surface 

can re-orientate and form self-complementary bonds over time. Interestingly, we found the aging 

effect in water and in the air are almost the same at room temperature, indicating the influence of 

water molecules on self-healing process has been prevented by the hydrophobic nature of the 

fluorinated polymer. 

This new type of underwater self-healing material can be easily combined with conductive 

fillers to make self-healing conductor. For examples, when adding some amount of silver flakes, the 

polymer materials can become electronically conductive. The obtained conductor is stretchable and 

self-healable underwater. When wrapped with a layer of underwater self-healing polymer, we can 

make a stretchable conducting wire that is able to self-heal underwater (Figure 3a). The 

performance of the stretchable, self-healable conducting wire was demonstrated in Figure 3. The 

pristine conducting wire maintained the electrically conductivity when stretched to 300% strain 

(Figure 3b and 3c). In Figure 3d, the LED is on because of the conducting wire. After cutting into 

halves, the circuit is open and LED is off (Figure 3e). The electronic healing is much faster than the 

mechanical healing. When putting the two parts together, the sample can restore its electrical 

conductivity immediately when they reconnect while the mechanical properties take several hours 
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to heal (Figure 3f). After healing for six hours, the healed conducting wire can already be stretched 

to 200% while maintaining the electrical conductivities (Figure 3g). 

In conclusion, we have demonstrated an underwater self-healing polymer. This transparent 

material exhibits excellent mechanical performances and stabilities under a variety of conditions. 

Unlike previously reported self-healing polymers, our polymer materials exhibited excellent self-

healing capabilities in the air, under water and harsh aqueous conditions. This unique material is 

expected to find a lot of applications in many different areas, which need materials with high 

stability, high reliability and good safety. 

 

 

 

Experimental Section  

Sample preparation 

Sample 15 wt% DBP was prepared by dissolving 850 mg p-PVDF-HFP and 150 mg dibutyl 

phthalate in 4.5 mL anhydrous acetone by stirring at room temperature for at least 4 h to give a 

well-dispersed solution. The solution was then poured into a petri dish. After evaporating the 

solvent at room temperature, the material was dried in a vacuum oven at 70 °C overnight to remove 

solvent residue, and then compression-molded at 70 °C into 1.0 mm thick sheets using glass slides 

covered with polyethylene film. 

The 1.0 mm thick sheets were used for testing mechanical properties and self-healing 

efficiency, as well as to record microscope images and for demonstration of self-healing. 
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Films for characterization of transmittance and ionic conductivity were prepared by pouring 

the solution onto a glass slide (50 mm × 75 mm) and by evaporation of the solvent at room 

temperature. Films for use as electrodes in dielectric elastomer actuators were prepared by pouring 

the solution onto a polyethylene film (50 × 75 mm) and by evaporation of the solvent at room 

temperature.  

Underwater self-healable conductor  

Underwater self-healable conductor was prepared by encapsulate a thin film of conducting 

composite into two pieces of 15 wt% DBP sample sheets with a thickness of 1.0 mm. Copper foil was 

cut into belts with a width of 7 mm and used as conducting wire. 

The conducting composite was prepared by stirring the mixture of 100 mg p-PVDF-HFP, 20 

mg dibutyl phthalate and 1.0 g silver flake in 1 mL anhydrous acetone with a stirring bar at room 

temperature for 6 hours. Then the slurry was poured onto a glass slide (50 mm × 75 mm). After 

drying for overnight, a conducting film was obtained. The conducting film was further cut into small 

pieces (5 mm × 30 mm) of self-healing conductor. The insulating layer were prepared following the 

same method of 15 wt% DBP. The obtained 1 mm thick sheets were cut into rectangles (10 mm × 40 

mm). On the fresh insulator layer, the conducting composite, copper belts were placed carefully to 

make sure good contact. Then covered with another piece of fresh insulator layer, press 10 minutes 

to make sure good sealing. 
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Scheme 1. Design concept of underwater self-healable material. (a) Healing process underwater. 

Water molecules between two freshly cut surfaces are excluded when two hydrophobic surfaces 

contact. Healing event accomplished through dipole-dipole interaction between polymer chains in 

the presence of plasticizer. (b) Chemical structures of fluorinated polymer and plasticizer. (c) DFT-

optimized structure of two p-PVDF-HFP monomers interacting via van der Waals and dipole-dipole 

forces. The interaction between two monomers is 10.3 kcal mol-1 underwater. The CF3 groups are 

circled. (d) Scheme of dipole-dipole interaction.  
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Figure 1. Optical and mechanical properties of underwater self-healable materials. (a) Samples of 

fluorinated polymer with different plasticizer. Up: 15 wt% DBP, bottom left: 15 wt% SN, bottom 

right: 15 wt% DOP. Only 15 wt% DBP is transparent. (b) Tensile strain tests of the polymer materials 

with different plasticizer. The 15 wt% DBP exhibited excellent strathability with strain over 1000%. 

(c) Transmittance spectrum of the film of p-PVDF-HFP-15%DBP with a thickness of 0.2 mm. An 

average transmittance over 94% was recorded. Inset: photo of the film on a glass slide. (d) Tensile 

strain tests of the polymer materials with different amount of DBP plasticizer. When adding more 

plasticizer, the Young’s modulus decreased and stretchability increased. (e) Stress-strain cycling tests 

of p-PVDF-HFP-15%DBP. The material shows elastic behavior up to 50% strain. (f) Tensile strain tests 

of p-PVDF-HFP-15%DBP stored underwater for 1 week and 1 month. No obvious decay of 

mechanical property was observed. 
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Figure 2. Self-healing property of p-PVDF-HFP-15%DBP in the air and underwater. (a)Typical stress–

strain curves of original and healed samples for different healing times at room temperature in the 

air. (b) Optical microscope image damaged p-PVDF-HFP-15%DBP after different healing times at 60 
oC in the air. Scale bar, 500 µm. (c) Typical stress–strain curves of original and healed samples for 

different healing times at room temperature underwater. (d) p-PVDF-HFP-15%DBP samples colored 

with dyes cut underwater. (e) Two freshly cut samples contact. (f) Healed sample stretched to 200% 

strain after healing underwater at room temperature for three hours. (g) Typical stress–strain curves 

of original and healed samples for different healing times at 60 oC underwater. (h) Typical stress–

strain curves of p-PVDF-HFP-15%DBP healed in different media for 3 hours. The healing efficiencies 

are very similar. (i) Typical stress–strain curves of healed freshly cut samples and healed aged 

samples for healing 12 hours at room temperature for p-PVDF-HFP-15%DBP. The drop of healing 

efficiency was observed after aging 12 hours. 

 

 



 

     

 

This article is protected by copyright. All rights reserved. 

22 

 

 

Figure 3. Demonstration of the stretchability and healing process for an underwater self-healable 

electrical conductor with an LED in series. (a) Components and structure of underwater self-healable 

electrical conductor. The underwater self-healing polymer-silver composite was covered with the 

underwater self-healing polymer as insulator. (b) Underwater self-healable conductor in a petri dish 

filled with water; (c) Stretched to three times of its original length; (d) Undamaged conductor; (e) 

Completely severed conductor (open circuit); (f) Electrical conductivity recovered immediately when 

contacted; (g) After three hours, the healed conductor stretched to two times of its original length. 
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Table 1. Healing efficiency (defined in terms of the fracture toughness) of p-PVDF-HFP-15%DBP in air 

and underwater at room temperature. Standard deviation is calculated from three tests.  

Healing 

time 

[hour] 

In Air Underwater 

3 19.55 ± 

3.42% 

22.33 

±4.01% 

6 22.32 ± 

4.75% 

24.40 ± 

3.39% 

12 23.07 ± 

5.84% 

28.91 ± 

3.25% 

24 34.01 ± 

3.22% 

30.61 ± 

3.97% 
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Underwater self-healable material is highly demanded. Most of them is sensitive to environment 

such as pH conditions. Herein we report an elastomer with high transparency, high stretchability and 

autonomous self-healing capability based on dipole-dipole interactions. The material is healable in 

the air, underwater and other hash aqueous conditions. 
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