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Abstract 

The loss of function after prolonged periods of use is inevitable for all materials including 

plastics. Hence, self-healing capabilities are a key development to prolong the service lifetime 

of materials. One of such self-healing capabilities can be achieved by integrating dynamic 

bonds such as boronic ester linkages into polymeric materials, however the rate of self-healing 

in these materials is insufficient and current methods to accelerate it are limited. In this study, 

we report the design, synthesis and characterization of a fluorinated elastomer (FBE15) that 

utilizes enhanced interaction between polymer chains afforded by strong dipole-dipole 

interactions from -CF3 side chains which showed an increase in binding energy to -7.71 

Kcal/mol from -5.51 Kcal/mol, resulting in increased interaction between the boronic ester 

linkages and improving self-healing capabilities of boronic ester materials, drastically reducing 

the time required for stress relaxation from 9 min to 1 min. The bulk elastomer is capable of 

ultrafast self-healing in a one-click fashion that can happen in mere seconds, which can then 

be stretched to 150 % of its original length. By utilising the dynamic cross-linking, FBE15 is 

also capable of mechanical reprocessing, and chemical recycling into its starting linear polymer 

and cross-linker, allowing reformation of the material that has comparable properties to the 

original at the end of its service lifespan.  
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1. Introduction 

Plastic materials have since become ubiquitous in modern society, being one of the most 

produced materials worldwide. However, all materials gradually experience loss of function 

resulting from wear after prolonged use and plastic materials are no exceptions. The problem 

is compounded by the fact that conventional plastic materials are largely non-recyclable, 

leading to large amounts of plastic waste generated every year. As such, materials that mimic 

biological organisms’ ability to repair itself has garnered significant attention over the years.  

 

Dubbed self-healing materials, these materials respond to physical or chemical stimulus, 

triggering an event that repairs itself on the molecular level. The mechanism of action can be 

broadly classified as either extrinsic or intrinsic.1 Extrinsic self-healing relies on embedded 

catalysts and monomers that undergo polymerization or cross-linking upon damage, thereby 

replacing the damaged portion with new polymers or cross-links. While straightforward and 

reliable, the downside to extrinsic self-healing is that it is limited by the amount of embedded 

monomers which decreases after each healing cycle, resulting in eventual loss of self-healing 

properties. On the other hand, intrinsic self-healing is enabled by the rearrangement of its 

dynamic intermolecular forces or covalent bonds within the polymer, which restores the 

polymer upon damage. Theoretically, intrinsic self-healing would be repeatable with no limit 

on the healing cycles since it does not rely on additional reactants, however a stimulus may 

still be needed depending on the type of intermolecular force or dynamic covalent bond 

incorporated.2, 3 
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Thus far, intrinsic self-healing materials have been developed using several dynamic 

interactions and bonds, such as hydrogen bonds4-6, host-guest interactions7-9, metal-ligand 

interactions10-12, boronic and boronate esters13-20, disulfide linkages21, 22, Diels-Alder adducts23-

26 and imine bonds27-29. The multitude of self-healing mechanisms available allows tuning of 

the material’s mechanical properties and self-healing capabilities by the choice of dynamic 

interactions and bonds. Materials containing boronic esters are interesting as it is possible to 

self-heal at ambient conditions as the topology freezing transition temperature is often below 

room temperature which allows for bond exchange to occur at room temperature.30 Boronic 

esters also imparts strong covalent linkages to the polymer matrix which undergoes dynamic 

exchange via both associative and dissociative mechanisms in the presence of free -OH groups 

or moisture respectively.31  

 

Evidently, the self-healing capabilities of such materials is an important property to be 

considered in assessing the bulk material’s reusability. Early reports of a self-healing boronic 

ester bulk material by Sumerlin and co required 4 days to heal from damage13, while subsequent 

reports by Chen et al was able to reduce the self-healing duration to 24 h although it required 

a temperature of 80 °C to accelerate the process.32 More recently, a boronic ester vitrimer made 

from epoxidized soybean oil acrylate was reported to be able to heal from damage in 24 h at 

room temperature, which was significantly faster than its predecessors, although the 

improvement was not investigated but can be attributed to the high mobility of the polymer due 

to its low glass transition temperature (Tg).
33 On the other hand, the inclusion of neighbouring 

electron donating moieties that can form B-N coordination bonds have also been found to 

accelerate the rate of self-healing similar to boronate ester linkages or being in a basic 

environment.14, 34, 35 Lastly, the effects of adjacent hydroxyl groups was investigated and found 
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to be able to participate and accelerate the exchange of B-O bonds which increased the healing 

efficiency of the boronic ester material from 10 % after 48 h to 81 % after 12 h.36  

 

Due to the limited methods available of accelerating the self-healing of boronic ester containing 

materials and the extended amount of time required to heal such materials under ambient 

conditions, the development of alternative methods to improve on the self-healing capabilities 

is a desirable outcome to realize the deployment of such materials in real-life applications. To 

achieve that, we considered the inclusion of a secondary self-healing mechanism which have 

been reported to afford a change in properties of such self-healing materials37-40, to be a 

promising method to improve on the self-healing capabilities of materials containing boronic 

esters. 

 

We hypothesize that the inclusion of a secondary self-healing system could accelerate the bond 

exchange of boronic esters due to increased interaction or activity, allowing the material to heal 

at an increased rate that is not present in individual self-healing systems. In this study, we 

describe the design and characterization of a fluorinated elastomer that combines boronic ester 

linkages and dipole-dipole interaction from CF3 side chains that is capable of rapid one-click 

self-healing at ambient conditions, which is not present in the polymer with no -CF3 moieties. 

The material can also be mechanically reprocessed and chemically recycled to reform the bulk 

elastomer with no significant difference in structure and properties, which is an important step 

towards achieving material circularity and sustainable polymer production.  
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2. Results and Discussion 

2.1 Dual self-healing elastomer design and synthesis 

In order to obtain a material with dual self-healing effects, we sought to combine boronic ester 

linkages with a strong dipole-dipole interaction such as CF3–CF3 interactions which was 

demonstrated to be capable of autonomous self-healing.41 Hence a vinyl alcohol monomer 2-

hydroxyethyl acrylate (HEA) was randomly copolymerized with fluorinated vinyl monomer 

2,2,2-trifluoroethyl acrylate (TFEA) using free-radical polymerization with AIBN as an 

initiator to obtain a linear fluorinated random copolymer (LFP15) bearing 15 % -OH and 85 % 

-CF3 side chains, in which the -OH groups can be dynamically cross-linked with boronic acids 

(outlined in Figure 1).  

 

LFP15 was characterized with gel permeation chromatography (GPC), Fourier-transform 

Infrared spectroscopy (FTIR), and 1H nuclear magnetic resonance (1H NMR) to confirm the 

inclusion of HEA and TFEA in the linear polymer. The presence of O-H stretching peaks and 

C-F stretching at 3500 cm-1 and 1280 cm-1 in the FTIR spectrum (Figure 2a & 2b) indicates the 

presence of both -OH and -CF3 moieties from HEA and TFEA respectively. Similarly, proton 

signals corresponding to HEA at 3.78 ppm (CH2–OH), 4.19 ppm (CH2–OOC), and TFEA at 

4.47 ppm (CH2–CF3) were observed in the 1H NMR spectrum as well, with the ratio of 3.78 

ppm signal and 4.47 ppm being 15:85 (Figure 2c), thus confirming the successful 

polymerization of LFP15. The LFP15 generated in this manner could be purified in excellent 

yields of 87 % are approximately 27 kDa in size with a polydispersity index of 3.31 which is 

expected of free-radical substitutions (Figure 2d). 
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Figure 1. Synthetic route of random copolymer LFP15 and illustration of dynamic cross-

linking and dipole-dipole interactions in FBE15. 
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Figure 2. Molecular characterizations of LFP15. (a) FTIR spectrum of LFP15 with O-H and 

C-F stretching highlighted; (b) Zoomed in FTIR spectrum of LFP15 for O-H stretching (3000 

– 4000 cm-1); (c) 1H NMR spectrum of FLP15 in CDCl3 solvent (d) GPC trace of LFP15 (THF 

eluent, 1.0 mL / min flow rate, 40 °C column temperature, polystyrene standard). 

 

1,4-phenylenebisboronic acid was then added to cross-link LFP15 to reach 15 % cross-linking 

overall to obtain the fluorinated elastomer (FBE15) as a soft flexible material. FBE15 was 

characterized with FTIR, XPS and SEM analysis (Figure 3) to confirm the reaction of -OH in 

LFPs with 1,4-phenylenebisboronic acid. The signal at 1038 cm-1 in FTIR spectrum 

corresponds to the B-O-C of the boronic ester (Figure 3a), while the characteristic binding 

energy of boron was observed in the XPS scan at 188 eV together with oxygen at 530 eV and 

fluorine 685 eV (Figure 3b). Similarly, the surface scan of FBE15 using SEM-EDS (Figure S1) 

reveals the presence of boron, oxygen and fluorine uniformly spread throughout the surface at 

8.28 %, 15.4 % and 2.53 % respectively (Figure 3c & 3d), signifying successful formation of 

boronic ester in FBE15, while the low percentage of fluorine observed in SEM-EDS surface 

scan is likely due to the migration of fluorine due to repulsion from the electron beam, resulting 

in a lower observed presence of fluorine which was previously reported by Vandi et al.42 
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Figure 3. Characterization of FBE15. (a) FTIR spectrum of FBE15 with phenyl and B-O-C 

signals in boronic ester highlighted; (b) XPS spectra of FBE15 with boron’s binding energy 

annotated; (c) SEM-EDS surface scan of FBE15 with atom overlayed image of O, B, F & C 

atoms (1000x magnification); (d) Element composition of FBE15 surface calculated from the 

SEM-EDS scan. 

2.2 Thermal properties of FBE15 

The thermal properties of FBE15 were evaluated by TGA, DSC and DMA (Figure 4). The 

initial degradation temperature Td5% (temperature at which 5 % weight loss occurred) of FBE15 

in nitrogen atmosphere was determined to be 287 °C, which was subsequently raised to 

between 328 °C after cross-linking into the respective FBE15, with no residual carbon left at 

600 °C, indicating a good degree of thermal stability for FBE15 (Figure S2). As for its glass 
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transition temperature (Tg), LFP15 displayed a low Tg of 3.41 °C which increases to 12.4 °C 

after cross-linking, which is expected as the polymer chains are less mobile after cross-linking 

in FBE15. The low Tg of FBE15 is optimal to facilitate self-healing under ambient conditions 

due to the flexible side chains that are free to rearrange in the material. 

 

The storage modulus (E′) curve of the FBE15 indicates that the materials follow a temperature-

dependent viscoelastic behaviour with a E′ of 1600 MPa in its glassy state, which decreases to 

1.37 MPa in its rubbery state (Tg + 30 °C). Under an applied strain of 10 %, FBE15 was able 

to rapidly relax to 1/e of the initial stress in a minute at room temperature, indicating a high 

bond exchange activity in FBE15 even at room temperature, which is ideal for self-healing 

materials. Based on the stress relaxation analysis conducted at increasing temperatures, it was 

observed that the stress relaxation time of FBE15 follows an Arrhenius relationship, with a 

determined activation energy (Ea) of 39.8 kJ/mol which is in agreement with other reported 

materials with boronic ester linkages.43, 44 The topology freezing transition temperature of the 

material was determined to be 5.5 °C by the extrapolation of the Arrhenius fitted line to when 

the stress relaxation time (τ*) was 2.5 × 106 s, which is similar to Zhao et al’s reported work 

(6.4 °C).30 
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Figure 4. (a) DSC thermogram of LFP15 (dash line) and FBE15 (solid line), (b) Plot of storage 

modulus (solid line) and tan δ (dash line) against temperature for FBE15, (c) Stress relaxation 

curve of FBE15 at varying temperatures from 25 °C to 60 °C, (d) Arrhenius fitted curve of 

relaxation time against 1000/T with Ea of 39.8 kJ/mol. 

 

2.3 Self-healing capabilities of FBE15 and effect of -CF3 moiety 

Similar to the rapid stress-relaxation observed at room temperature, the self-healing capabilities 

of FBE15 could be demonstrated on the bulk material as well (Figure 5). A 4 cm strip of FBE15 

was cut into two, and rejoined by pressing the two halves together in a one-click fashion, the 

one-clicked self-healed FBE15 could be stretched to 150 % of its original length before 

breakage (Figure 5a). A similar strip of FBE15 that was cut and pressed together for a minute 
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could be used to support a weight of 500 g before elongation and eventual breakage (Figure 

S3), which demonstrates the rapid self-healing even on the bulk material scale. Tensile test was 

then conducted at a stretching rate of 60 mm/min to compare between a pristine FBE15 sample 

and one that was cut and healed for 5 min, the pristine sample was able to reach 300 % 

elongation at break with a tensile strength of 7.56 MPa and Young’s modulus of 11.5 MPa, 

while the self-healed sample was able to reach 370 % elongation at break with a tensile strength 

of 7.87 MPa and Young’s modulus of 7.84 MPa which shows excellent recovery (Figure 5c), 

further indicating the excellent self-healing properties of FBE15. Furthermore, the self-healing 

capabilities of FBE15 under water was investigated by cutting and healing another 4 cm strip 

of FBE15 for 5 min while immersed in water. To account for the changes to the mechanical 

properties due to being immersed in water, a pristine sample was also immersed in water for 

the same duration. The sample healed under water was able to stretch to 130 % of its original 

length before breakage (Figure 5b), and tensile tests shows that it could reach 660 % elongation 

at break with a tensile strength of 1.15 MPa and Young’s modulus of 1.71 MPa, compared to 

the pristine sample under water which reached 530 % elongation at break with a tensile strength 

of 1.33 MPa and Young’s modulus of 0.85 MPa (Figure 5d). 
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Figure 5. Self-healing demonstration of FBE15. (a) Cut FBE15 stretched to 150 % of original 

length, immediately after being pressed together; (b) Underwater self-healing demonstration 

of FBE15 stretched to 130 % after healing for 5 min in water; (c) Tensile test of pristine (solid 

line) and healed FBE15 (dash line) after 5 min; (d) Tensile test of pristine (solid line) and self-

healed (dash line) FBE15 samples under water after 5 min. 

 

To determine the effects of introducing -CF3 moieties into the material, a control material 

(HBE15) was synthesized in a similar manner by replacing TFEA monomer with ethyl acetate 

instead. Both FBE15 and HBE15’s self-healing was observed on a microscopic scale by 

making a 100 µm cut along the material surface and recording the damaged section after 15 

min. While FBE15 was able to completely heal from damage after 15 min (Figure 6a & S4), 
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there was no reduction observed in the HBE15 sample (Figure 6b), indicating a poorer self-

healing capability of HBE15 compared to FBE15. DSC and DMA analysis was also conducted 

on HBE15, which shows similar thermal and thermochemical behavior compared to FBE15 

(Figure 6c & S5). However, the time taken for HBE15 to relax from the applied strain of 10 % 

at room temperature was significantly slower (9 min vs 1 min). Hence, the inclusion of -CF3 

side chains is essential for the rapid self-healing observed in FBE15. 

 

Figure 6. Comparison of FBE15 and HBE15. (a) Microscopic images of FBE15 at 0 min (left) 

and 15 min (right) after a 100 µm damage was induced with a knife (20x magnification); (b) 

Microscopic images of HBE15 at 0 min (left) and 15 min (right) after damage was induced 

with a knife (20x magnification); (c) Plot of storage modulus and tan δ against temperature of 

FBE15 (yellow) and HBE15 (green); (d) Stress relaxation of FBE15 (yellow) and HBE15 

(green)at 25 °C. 
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To elucidate the contributing effect of the -CF3 moiety in accelerating the self-healing effect, 

molecular electrostatic potential (ESP) mapping was utilized as a method for identifying 

prospective binding sites on the polymer (Figure 7a). Conventionally, regions characterized 

by relatively positive ESP engender nucleophilic reaction sites, whereas those with a more 

negative ESP are inclined to electrophilic reactions. Notably, the integration of a -CF3 group 

in FBE15 notably enhances the positive ESP of the adjacent -CH2 group, particularly in 

comparison to its -CH3 group counterpart in HBE15, which increases the interaction between 

the polymer chains. This nuanced discovery implies that polymers modified with -CF3 may 

exhibit augmented binding affinities relative to those incorporating -CF3 groups. The IGMH 

methodology was also applied to decipher the intricate structural dynamics occurring 

between FBE15 and HBE15 (Figure 7b). The dipole interactions in FBE15 was discernibly 

more robust with a binding energy of -7.11 Kcal/mol than that in HBE15 which was only -

5.51 Kcal/mol. Furthermore, a comparative evaluation reveals that the binding energy 

between polymer chains associated with FBE15 markedly supersedes that of HBE15. This 

empirical evidence, fortified by both the IGMH analysis and meticulous binding energy 

assessments, implies a potential for a much faster healing rate in the FBE15 compared to the 

HBE15. 
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Figure 7. (a) 3D colored ESP diagram of the FBE15 and HBE15 (hydrogen in white, oxygen 

in red, carbon in cyan, fluorine in pink); (b) scatter map between IGMH and sign(I2)ρ and 

isosurface map of IGMH interaction between FBE15 (top) and HVBE (bottom) (hydrogen in 

white, oxygen in red, carbon in cyan, fluorine in pink); (7c) Common interpretation of coloring 

method in IGMH maps. 

2.5 Closed-loop recycling of FBE15 

With the incorporation of dynamic boronic ester bonds in FBE15, the material can be 

mechanically reprocessed or chemical recycled at the end of its service lifespan (Figure 8). To 

demonstrate its mechanical reprocessing, 2 g of FBE15 was cut into small pieces and 

mechanically reprocessed under a hot-press at 40 °C and 5 bar for 15 min, reforming a single 

intact film similar to the original, with FTIR analysis showing that no significant changes have 



18 

 

occurred (Fig 8d). Tensile tests of the reprocessed film showed a very similar stress-strain curve 

to the original with 270 % elongation at break with a tensile strength of 7.33 MPa and Young’s 

modulus of 1.38 MPa (Fig 8e). For chemical recycling, FBE15 can be degraded into LFP15 

and 1,4-phenylenebisboronic acid by dissolving it in a green solvent containing a mixture of 

50 % ethyl acetate / water, stirring it for 4 h at room temperature, and centrifuging at 5000 rpm 

for 5 min through the hydrolysis of boronic ester bonds. The organic layer with the polymer 

and residual 1,4-phenylenebisboronic acid is decanted, and the process is repeated for four 

more times to obtain pure LFP15 after drying which was similar to the original LFP15 in 

molecular weight, and also in 1H NMR characterization (Figure 8a & 8b), while only 1,4-

phenylenebisboronic acid remains in the aqueous layer each cycle and can be dried to obtain 

pure 1,4-phenylenebisboronic acid which was shown to be the same as a pure sample based on 

1H NMR (Figure S5). This method allows 78 % recovery of LFP15 which can be further 

fabricated into a new FBE15 elastomer by addition of 1,4-phenylenebisboronic acid as a cross-

linker (Figure S7). The FBE15 formed from recycled LFP15 shows no significant changes in 

the FTIR spectrum, and a similar stress-strain curve comparable to the original was also 

obtained (Figure 8d & 8e). The easy reprocessability and chemical recycling of FBE elastomer 

in green solvents show great potential of the materials circularity in sustainable applications. 



19 

 

Figure 8. (a) Closed loop recycling of FBE15 by mechanical reprocessing and chemical 

recycling; (b) GPC trace of original LFP15 and chemically recycled LFP15 (THF eluent, 1.0 

mL / min flow rate, 40 °C column temperature, polystyrene standard); (c) 1H NMR spectrum 

of original LFP15 and recycled LFP15 in CDCl3 solvent; (e) FTIR analysis comparison for 

pristine, mechanically reprocessed and chemically recycled FBE15 (top: pristine, middle: 
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mechanically reprocessed, bottom: chemically recycled); (f) Tensile test comparison for 

pristine, mechanically reprocessed and chemically  recycled FBE15 (top: pristine, middle: 

mechcanilly reprocessed, bottom: chemically recycled). 

 

3. Conclusion 

To conclude, we have designed a fluorinated elastomer FBE15 containing both dipole–dipole 

interaction of -CF3 side chains together with dynamic boronic ester linkages, which was able 

to achieve rapid one-click self-healing in the bulk FBE15 material. The thermal and 

thermomechanical properties of the FBE15 were thoroughly investigated and found to support 

the excellent self-healing capabilities observed, with the increased efficiency attributed to the 

increased interaction afforded by the -CF3 modification In addition, we demonstrated that FBE 

that reached its end-of-lifespan can be mechanically reprocessed and also be recycled in green 

solvents in a closed-loop manner yielding the constituent LFP and cross-linker separately, 

which showed no significant difference to the original polymer and cross-linker. The recycled 

LFP could be used to refabricate new pristine FBE15 which displayed mechanical properties 

similar to the original. The excellent self-healing properties and closed-loop reprocessing and 

recycling afforded by FBE15 makes it a valuable material and is a key step towards circular 

materials development and sustainable applications.   
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