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ABSTRACT: A strategy of combining covalent and non-covalent cross-links to construct multifunctional 

rubber materials with intelligent self-healing and shape memory ability is demonstrated. The rubbers were 

prepared by self-assembly of complementary polybutadiene oligomers bearing carboxylic acid and amine 

groups through reversible ionic hydrogen bonds via acid-base reaction, and then further covalently 

cross-linking by tri-functional thiol via thiol-ene reaction. The resulting polymers exhibit self-healing and 

shape memory functions owing to the reversible ionic hydrogen bonds. The covalent cross-linking density 

can be tuned to achieve tailorable mechanical and stimuli-responsive properties: a low covalent 

cross-linking density remains the rubber remarkable self-healing capability at ambient temperature 

without any external stimulus, while a high covalent cross-linking density improves the mechanical 

strength and induces shape memory behavior, but effective self-healing needs to be triggered at high 

temperature. This strategy might open a promising pathway to fabricate intelligent multifunctional 

polymers with versatile functions.  

KEYWORDS: intelligent rubber; polybutadiene; ionic hydrogen bonds; self-healing; shape memory 
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1 Introduction 

Non-covalent interactions, such as hydrogen bonding, metal-ligand coordination, π-π stacking, 

hydrophobic interactions and host-guest interactions, have been utilized to construct supramolecular 

polymers.
1-5

 Compared to the strong, nonreversible covalent bonds, the weak non-covalent bonds are 

generally stimuli-responsive, that is, they exhibit reversible association-dissociation behavior on exposure 

to external stimulus such as light, heat or chemicals. These reversible behaviors endow supramolecular 

polymers with versatile functions, such as facile processing/recycling,
6,7

 self-healing,
8-12

 shape 

memory
13-19

 and high responsivity to stimuli.
20-24

 Nowadays, there is an increasing need to develop 

multifunctional polymers that can serve some certain purposes by the combination of various predefined 

functions. Based on the smart “switchable” shape behavior of shape memory polymers when exposed to 

external stimuli, multifunctional polymers showing electroactive
25-27

 or magnetoactive
28, 29

 shape memory 

effect, or combining shape memory behavior with other different functionalities, such as degradability, 

30,31
 controlled drug release,

32
 thermochromism

33,34
 and self-healing,

35-40
 have been developed in recent 

years. For example, the shape memory behavior could assist the healing process by bringing fractured 

surfaces together and the self-healing ability could also improve the lifetime of shape memory polymers. 

Because of the complementary properties of the weak, reversible non-covalent bonds and the strong, 

nonreversible covalent bonds, the combination of non-covalent and covalent cross-links is a promising 

approach to fabricate functional polymers with tailored mechanical properties and stimuli-responsive 

behaviors.
41-48

 However, the co-existence of the two types of cross-links may give rise to conflicting 

properties, and it is still a challenge to integrate multiple functionalities such as self-healing and shape 

memory properties with good mechanical performance into a single component material.  

Ionic hydrogen bond is a particular type of hydrogen bond with potential proton transfer between 

organic cations (eg. primary or secondary amine, quaternary ammonium) and anions (eg. carboxylates, 
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sulfates).
49,50

 These bonds are usually formed by mixing acid and base, i.e. the classical acid-base 

reaction.
51,52

 Besides, amidinium carboxylate or sulfonate ion pairs generally formed between organic 

cations and anions are also defined as ionic interactions in some reports.
4, 53-55

 In recent years, this type of 

reversible non-covalent interaction has been used to construct supramolecular systems.
53-59 

Pioneering 

works by Matsushita and coworkers described a simple preparation of supramolecular polymer by mixing 

carboxy-terminated telechelic polymers (PEA-(COOH)2, PDMS-COOH) with PEI, a multi-amino 

polymer.
57,58

 Considering its high stability and facile accessibility, ionic hydrogen bonding holds promise 

for the facile fabrication of multifunctional polymers.  

We present a new thermal-reversible rubber constructed by thiol-ene functionalized polybutadiene 

(PBs) via a combination of dynamic ionic hydrogen bonds and covalent cross-links. PB was chosen due 

to its high density of vinyl bonds enable the facile accessibility of crosslinking and chemical modification 

via thiol-ene reaction,
60,61

 which is a highly efficient route to quantitatively introduce a variety of 

functional groups on the polymer chain. Herein, low molecular weight PB was functionalized separately 

with amine and carboxylic acid groups via thiol-ene reaction to obtain two complementary oligomers, 

namely PB-COOH and PB-NH2. When mixed, PB-COOH and PB-NH2 were assembled by the formation 

of ionic hydrogen bonds which are in the form of amidinium carboxylate ion pairs. Incorporation of 

covalent cross-links can be achieved by further photo-cross-linking the PB chains with tri-functional thiol 

via thiol-ene reaction. By adjusting the covalent cross-linking density, the resulting polymers can achieve 

tailored mechanical and stimuli-responsive properties, including self-healing and shape memory 

functions.  

 

2 Experimental Section 

2.1 Materials 
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Polybutadiene (PB, 90% 1, 2-addition, Mw=9.4×10
3
, PDI=1.15), trimethylolpropane tris 

(3-mercaptopropionate) (TMPT, ≥95.0), 3-mercaptopropionic acid (3TPA, ≥99%), cysteamine (~95%), 2, 

2-dimethoxy-2-phenylacetophenone (DMAP, 99%) were purchased from Sigma-Aldrich and used without 

further purification. 

2.2 Synthesis of PB-COOH 

To a stirred solution of PB (5.0 g) in CH2Cl2 (25 mL), 3TPA (0.98 g) and DMAP photoinitiator (0.02 g) 

were added. The amount of 3TPA was calculated by the molar ratio of 1:10 to the total amount of PB 

monomer units, namely, the concentration of carboxylic acid groups along PB backbone is 10 mol%. The 

reaction mixture was then irradiated by a 365 nm mercury lamp (light intensity=85 mW cm
-2

) for 4 h at 

room temperature under stirring. After UV irradiation, the polymer solution was washed with brine for 

three times to remove the unreacted 3TPA and then the solvent was removed under reduced pressure to 

give viscous PB-COOH. The actual concentration of carboxylic acid groups along PB backbone 

calculated from the 
1
H NMR spectra is about 9.2 mol% (mole fraction relative to the total number of PB 

monomer units). 

2.3 Synthesis of PB-NH2 

To a stirred solution of PB (5.0 g) in CH2Cl2 (25 mL), a solution of cysteamine (0.71 g) and DMAP 

photoinitiator (0.02 g) dissolved in CH2Cl2/CH3CH2OH (10/1 v/v) (25 mL) was added. Here CH3CH2OH 

was used because of the low solubility of cysteamine in CH2Cl2. The amount of cysteamine was 

calculated by the molar ratio of 1:10 to the total amount of PB monomer units, namely, the concentration 

of amine groups along PB backbone is 10 mol%. The reaction mixture was then irradiated by a 365 nm 

mercury lamp (light intensity=85 mW cm
-2

) for 4 h at room temperature under stirring. After UV 

irradiation, the polymer solution was washed with brine for three times to remove the unreacted 

cysteamine and then the solvent was removed under reduced pressure to give viscous PB-NH2. The actual 
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concentration of amine groups along PB backbone calculated from the 
1
H NMR spectra is about 9.4 mol% 

(mole fraction relative to the total number of PB monomer units). 

2.4 Preparation of PB-COOH/NH2 Supramolecular Polymers 

The equimolar PB-COOH (2.99 g) and PB-NH2 (2.85 g) were dissolved separately in CH2Cl2 at a 

concentration of 20% w/v. Then the PB-NH2 solution was added dropwise to the stirred PB-COOH 

solutions in a round-bottom flask, and the mixture was allowed to stir for another 12 h to ensure complete 

acid-base reaction. The solution was cast into a Teflon dish, allowed to evaporate the solvent at room 

temperature, and further dried in vacuum. A soft supramolecular PB film was obtained.  

2.5 Photo-Cross-Linking of the Polymers 

To a stirred solution of PB-COOH/ PB-NH2 dissolved in CH2Cl2, a solution of trithiol cross-linker TMPT 

(0, 2, 6 wt %) and DMAP photoinitiator dissolved in 10 mL CH2Cl2 was added. After stirring for 30 min, 

the solution was cast into a Teflon dish, and the solvent was allowed to evaporate slowly to produce a film. 

Caution must be taken to protect the mixtures from any sources of light before it had been cast into a film. 

Finally, the film was irradiated using a 365 nm mercury lamp (light intensity=85 mW cm
-2

) for 1 h on 

each side to complete the cross-linking reactions.  

2.6 Characterization 

Wide angle X-ray diffraction (WAXD) measurements were carried out at room temperature on flat 

polymer films (length 10mm × width 10 mm × thickness 0.3mm) using a Micscience M-18XHF (with 

CuKa radiation) instrument. The scanning range of the Bragg 2q angle varied from 3 to 60º under a 

scanning rate of 5º/min. Fourier transform infrared (FTIR) spectra were recorded on a Perkin-Elmer 2000 

FT-IR spectrophotometer with a disc of KBr. 
1
H NMR spectra were carried out on a Bruker 400 M 

instrument with TMS as an internal standard and CDCl3 as solvent.  

Thermal characterization was performed on a TA Instrument Q2000 differential scanning calorimeter 
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(DSC) to determine glass transition temperature, Tg. Samples were heated from -90 to 100 °C at a rate of 

10 °C /min under a nitrogen atmosphere. For each sample, two cooling-heating runs were performed and 

the data were obtained from the second heating curves.  

Rheology measurements were performed on an AR-2000ex rheometer (TA Instruments, USA) with 

an 8-mm parallel plate. Oscillatory frequency sweep experiments were carried out from 100 to 0.01 rad 

s
-1

 with a strain in the linear region at 20 ºC. Rheological thermal cycling experiments were conducted 

with a temperature range of -30-60 ºC at ω =10 rad s
-1

, γ = 0.03% from -30 to -10 ºC and γ= 0.1 from -10 

to 60 ºC. The temperature ramp rate was 3 ºC/min on heating and cooling cycles. 

The tensile mechanical properties of the polymers were measured in tensile mode on a TA 

Instruments Q800 DMA. The samples were cut into rectangular films with approximate dimensions of 20 

mm × 4 mm × 0.3 mm. Stress/strain tests were conducted in controlled force mode with a force rate of 3 

N/min at room temperature (~20 °C). Each measurement was repeated at least three times and the values 

were averaged.  

Self-healing Tests: For self-healing tests, a sample was cut into two separate pieces with a razor 

blade. The fracture surfaces were brought into contact together with a moderate press immediately. After 

healing at room temperature for certain time, the healed samples were then subjected to stress-strain tests 

at room temperature. Healing efficiency was calculated from the ratio of tensile strength of healed 

samples to that of the virgin samples.
62

 Each measurement was repeated at least three times and the 

values were averaged.  

Shape Memory Characterization: Shape memory cycles of the polymers were performed using a TA 

Instruments DMA Q800 (tension film clamp, controlled force mode). The samples were cut into 

rectangular films with approximate dimensions of 20 mm × 4 mm × 0.3 mm. The testing program was set 

up as follows: (1) the film sample was first heated from room temperature to 60 °C with a preload force 
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of 0.001 N. After equilibrating at 60 °C for 5 min, the sample was stretched by a ramping stress; (2) the 

sample was then cooled to 10 °C at a rate of 3 °C/min and held at this temperature for 5 min under 

constant stress; (3) the stress was unloaded in 1 min and the sample was allowed to equilibrate for 3 min; 

(4) the sample is reheated to 60 °C at 3 °C/min , held at 60 °C for 5 min and cooled back to 10 °C . The 

thermomechanical cycle consisting of four steps is repeated five times on the same sample. The 

strain-fixing ratio (Rf) and the strain-recovery ratio (Rr) are commonly used to assess the efficiency of the 

shape-memory response, which are calculated using the following equations:
63

 

�� =
�����

�	���
× 100%            (1) 

�� =
�	���������

�	�����������
× 100%     (2) 

Where N denotes the number of cycles, εm(N), εu(N) and εp(N) represent the maximum strain before 

unloading, the strain after unloading and the recovered strain at the Nth cycle, respectively.  

 

3 Results and Discussion 

The preparation of the polymers is described in detail in the Experimental Section. Briefly, the low 

molecular weight PB was functionalized with 3TPA and cysteamine via thiol-ene reaction, respectively 

(Fig. 1a). The functionalized PB-COOH and PB-NH2 oligomers were mixed in a 1:1 stoichiometry in 

solvent of CH2Cl2 to form a supramolecular PB-COOH/NH2 based on ionic hydrogen bonding. Then a 

small amount of tri-functional thiol (TMPT) as covalent cross-linker was added, the solution was cast in a 

Teflon mold, and thiol-ene reaction was carried out under UV irradiation. The final product was consisted 

of both non-covalent and covalent cross-linking (Fig. 1b). Three polymers with different concentration of 

trithiol cross-linker of 0, 2 and 6 wt% were synthesized, which were termed as SPB-0%, SPB-2% and 

SPB-6%, respectively.  
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Fig. 1 (a) Synthetic route of PB-COOH and PB-NH2. (b) Schematic illustration of polymer network 

containing both ionic hydrogen bonds and covalent cross-links. The ionic hydrogen bonds are formed by 

proton transfer reaction between carboxylic acid and amine groups. 

The chemical structures of functionalized PB-COOH and PB-NH2 oligomers were characterized 

with 
1
H NMR and FT-IR. The typical 

1
H NMR spectrum obtained from pristine PB, PB-NH2 and 

PB-COOH are shown in Fig. 2a. Compared to the pristine PB, the occurrence of broad peaks at 2.4-2.7 

ppm for both PB-NH2 and PB-COOH, corresponding to the four methylene protons at the thioether 

linkage (CH2-S-CH2), confirms the success of thiol-ene coupling with cysteamine and 3TPA. The new 

signals at 2.8 ppm for PB-NH2 and 2.9 ppm for PB-COOH can also be observed, which could be assigned 

to the methylene protons adjacent to amine groups (CH2-NH2) and carboxylic acid groups (CH2-COOH), 

respectively. In addition, the degree of functionalization can be calculated by integration of peaks 

assigned to protons at the thioether linkage to determine the amounts of amine and carboxylic acid groups 

on the PB chains. The functionalization degrees of about 94% for PB-NH2 and 92% for PB-COOH are 

obtained from the 
1
H NMR data, showing the high efficiency of thiol addition. As a result, the 

concentrations of amine and carboxylic acid groups along PB backbone are determined to be 9.4 mol% 
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and 9.2 mol%, respectively. Fig. 2b shows the typical FTIR spectra of pristine PB, PB-NH2, PB-COOH, 

and PB-COOH/NH2. For PB-NH2 and PB-COOH, the presence of absorbance at 3382 cm
-1

 corresponding 

to -NH2 stretching vibration and 1714cm
-1

 corresponding to C=O stretching vibration indicates the 

incorporation of amine and carboxylic acid groups into the PB backbone, respectively. For the prepared 

supramolecular polymer PB-COOH/NH2, the peak at 1714 cm
-1

 for neutral COOH almost completely 

disappears, and a new peak at 1570 cm
-1

 emerges, which can be attributed to carboxylate anions arising 

from proton transfer reaction (acid-base reaction) between carboxylic acid groups on PB-COOH and 

amine groups on PB-NH2, thus confirming the formation of ionic hydrogen bonds in the supramolecular 

polymers. 

 

Fig. 2 (a) 
1
H NMR spectra of PB, PB-NH2 and PB-COOH in CDCl3, (b) FTIR spectra of PB, PB-NH2, 

PB-COOH and supramolecular polymer PB-COOH/NH2. 
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The WXRD patterns of the three polymers (Fig. S1) only displayed a broad amorphous diffraction 

peak at the 2θ of 16°, suggesting that all the three polymers are amorphous. This can be further proved by 

the DSC results (Fig. 3a) as no crystalline peak was detected. The DSC thermograms show that the Tg 

increases from 1 °C for SPB-0% to 10 and 15 °C for SPB-2% and SPB-6%, respectively, due to the 

restriction of chain mobility by the formation of covalent cross-linking networks. The typical stress-strain 

curves at room temperature (~20 °C) are shown in Fig. 3b. The SPB-0% showed the elongation at break 

over 400% with Young’s modulus of 2.13 MPa, revealing comparable mechanical properties to 

conventional soft rubber due to the formation of ionic hydrogen bonding networks. The increase of the 

covalent cross-linking density leads to a remarkable improvement in mechanical strength but a decrease 

in the elongation at break. This indicates that the mechanical properties of the polymers can be 

systematically tuned by varying the cross-linking density. The key mechanical parameters of these three 

polymers are summarized in Table 1. It can be observed that the tensile stress at break increases by 

2.5-fold from 1.02 to 2.52 MPa when the content of trithiol cross-linker changed from 0 to 6%, while the 

elongation at break decreases from 410 to 158%. This is because the ionic hydrogen bonds can reversibly 

break and re-form to rearrange the polymer chains along stretching direction, leading to the good 

extensibility, whereas covalent cross-links form an irreversible elastic network, which restricts the 

mobility of polymer chains, resulting in an enhanced mechanical strength but poor extensibility. 

In addition, the dynamic viscoelastic properties of these polymers are investigated. The frequency 

dependence of storage modulus (G′), loss modulus (G″) and loss factor tan δ (G″/G′) of the polymers at 

20 °C is shown in Fig. 3c and 3d. The G′ and G″ of SPB-2% and SPB-6% increased remarkably in 

comparison to those of SPB-0%, indicating that the incorporation of covalent cross-links can be of benefit 

for improving mechanical performance, whereas tan δ decreases correspondingly. As shown in Fig. 3c, a 

transition from a viscoelastic liquid state with G″ > G′ to an elastic network state with G′ > G″ can be also 
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observed with the increase of the frequency. At low frequencies, the supramolecular interactions are able 

to break and re-form at the time scale probed, which is longer than the lifetime of the dynamic bonds, thus 

leading to a viscoelastic liquid behavior. At higher frequencies, however, the experimental time is not 

long enough for the supramolecular interactions to dissociate, thus the polymers exhibit elastic-like 

behavior. Furthermore, the crossover frequency (ωcross) between G′ and G″ (tan δ=1) shifts to lower 

frequencies with the increase in covalent cross-linking density for all three samples. The lifetime of the 

reversible supramolecular networks can be measured as the inverse of the crossover frequency (ωcross) of 

G′ and G″ (τ=1/ω).
64

 Thus, the supramolecular networks with higher covalent cross-linking density 

possess longer life time arising from the decrease of the polymer chain mobility, which is consistent with 

the DSC results.  

 

Fig. 3 (a) DSC thermograms, (b) stress-strain curves, and frequency dependence of (c) storage modulus 

(G′), loss modulus (G″) and (d) loss factor tan δ (G″/G′) of the polymers. 
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Table 1 Summary of the mechanical and self-healing properties of the resulting polymers. The average 

values were obtained with three samples. 

Sample 
Young’s Modulus 

(MPa) 

Elongation at break 

(%) 

Stress at break 

(MPa) 

Healing efficiency in 

1 h (%) 

SPB-0% 2.13±0.21 410±20 1.02±0.12 95±6 

SPB-2% 3.15±0.03 322±26 1.78±0.18 72±5 

SPB-6% 9.76±0.05 158±8 2.52±0.03 33±3 

 

In contrast to common rubbers, the rubbers prepared exhibit unique self-healing properties at room 

temperature due to the existence of abundant dynamic ionic hydrogen bonds in the networks. To 

demonstrate this healing behavior, SPB-2% was cut at different positions with a razor blade, the fracture 

surfaces were then brought into contact. The damaged sample could spontaneously repair itself at room 

temperature without any external stimulus. After 1 h healing, the recovered sample can be stretched from 

2 to 6 cm without breaking, as shown in Fig. 4a. The optical microscope illustrates that the cracks 

between the fracture surfaces were almost indiscernible after healing for 1 h (Fig. 4b), confirming the 

autonomic fusion of fracture surface as well as effective self-healing.  

 

Fig. 4 (a) Photographs showing the self-healing behavior of SPB-2% sample. (b) Optical microscope 
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images of cut interfaces before and after healing. (c) Schematic illustration of the self-healing mechanism. 

 

The mechanical properties of the samples healed as a function of healing time are shown in Fig. 5a-c. 

The stress-strain curves illustrate that the healing efficiency relies on the healing time. The sample SPB-0% 

without covalent cross-links exhibits the fastest healing speed, which can be healed to ∼75% of its 

original strength in 5 min. About 93% of the original strength and 98% of the original extensibility are 

recovered after 1 h, indicating almost complete healing. A decrease in the healing efficiency was observed 

with the appearance of covalent cross-links in the system. This can be attributed to the irreversible 

covalent cross-links deter the mobility of polymer chains, thus resulting in the decrease in healing rate 

and efficiency. SPB-2% still possesses good self-healing capability, which was able to recover 77% of its 

original strength when healed for 1 h, and 90% after 12 h. For SPB-6%, it could only reach a healing 

efficiency of 35% even after 12 h. However, accelerated healing speed and increased healing efficiency 

could be realized at an elevated temperature. For example, the fracture surface in the SPB-6% was much 

better healed at 80 °C. This can be explained by the increased chain mobility at higher temperature due to 

the dissociation of ionic hydrogen bonds. 

The unique self-healing property is attributed to the formation of dynamic ionic hydrogen bonds 

derived from acid-base reaction (Fig. 4c), which is similar to that of the reported dynamic non-covalent 

bonds based self-healing materials: upon mechanical damage, the non-covalent associations are more 

likely to break due to their lower strength compared to covalent bonds, resulting in the presence of a large 

number of reactive non-associated groups (COO
- 
or COOH, NH3

+
 or NH2) on the fracture surfaces.

8
 Once 

the fracture surfaces being adjoined, the non-associated groups will react with each other and the broken 

ionic hydrogen bonds reformed at the interfaces assisted with the diffusion of polymer chains over time. 

Thus, the healing efficiency is higher at longer healing periods since more bonding bridges across the 
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interface are formed. In addition, for the amorphous polymers we studied, the low molecular weight and 

the relative low Tg allow the polymer chains to diffuse and rearrange at room temperature, further 

promoting the self-healing process. Thus, the polymer networks repair at room temperature without any 

external stimuli.  

To confirm the proposed self-healing mechanism, the control sample CPB-6% with only covalent 

cross-links was prepared by photo-cross-linking of pristine PB with 6 wt% of trithiol cross-linker. It was 

found that the sample could not repair itself under the same conditions. In addition, polyamine was added 

on the fracture surfaces of SPB-2%, and the sample lost its self-healing capability owing to the 

competitive reaction between free COO
- 

or COOH groups with polyamine, further confirming that 

dynamic ionic hydrogen bonds are responsible for the self-healing properties. 
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Fig. 5 Stress-strain curves of the (a) SPB-0%, (b) SPB-2% and (c) SPB-6% after different healing periods. 

The polymer films were cut into two separate pieces, and then brought into contact immediately, followed 

by healing for different times at room temperature. 

 

Furthermore, an interesting thermally induced shape memory effect can be achieved by the 

incorporation of covalent cross-links. The shape-memory response of SPB-6% is shown in Fig. 6a. Herein, 

a permanent spiral-like SPB-6% film was prepared by photo-crosslinking of the film rolled on a glass rod. 

The film was deformed under heating at 60 °C, and then was cooled to fix the temporary flat shape. After 
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reheating to 60 °C, the film automatically recovered to its original spiral shape. The whole recovery 

process took place within several seconds, as shown in the Movie S1 in the Supporting Information. A 

proposed shape memory mechanism is shown in Fig. 6b. The thermal reversibility of ionic hydrogen bond 

is responsible for this thermally induced shape-memory behavior: upon heating, the dynamic ionic 

hydrogen bonds break, and then the materials can be deformed. When the deformed materials are cooled, 

the ionic hydrogen bonds reform, thus lock the temporary shape. Reheating will again break the reversible 

associations in the temporary shaped sample, so the stored strain is released and the sample returns to the 

permanent shape driven by the recovery stress arising from the covalently cross-linked networks. In shape 

memory process, the covalent cross-links within polymer networks determine the permanent shape, while 

the ionic hydrogen bonds serve as reversible phase. The shape-memory behavior was achieved utilizing 

reversible cross-links to fix the temporary shape and covalent cross-links to recover its permanent shape. 

 

Fig. 6 (a) Photographs demonstrating the shape-memory behavior of SPB-6% film. (1) The film was set 

into a permanent spiral shape by wrapping the un-cross-linked film around a glass rod and irradiated with 

UV light, (2) heated to 60 °C while being deformed in a flat shape and then cooled to 20 °C to fix the 

temporary shape, (3) reheated to 60 °C to recover the permanent shape. (b) Proposed mechanism of 

thermally induced shape-memory behavior involving thermo-reversible ionic hydrogen bonds. 
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To better understand the shape memory mechanism, a temperature sweep containing consecutive 

thermal heating and cooling cycles was performed. Fig. 7a shows SPB-6% exhibits a reversible change in 

G′ and G″ between -30 and 60 ºC due to the reversible break and re-formation of ionic hydrogen bonds 

(results for SPB-0% and SPB-2% are shown in Fig. S2). To confirm the dynamic nature of ionic hydrogen 

bonds, the temperature sweep of covalently crosslinked CPB-6% as control sample was conducted to 

compare with the results of supramolecular polymer SPB-0% (Fig. S3). As can be seen, the sample 

CPB-6% behaves like an elastic network state with G′ > G″ at higher temperature and displays a stable 

plateau of G′ and G″ above 40 °C, indicating the thermal stability of covalent crosslinks. In contrast, the 

supramolecular polymer SPB-0% shows a drastic decrease in G′ and G″ as the temperature increases and 

a transition from an elastic-like behavior (G′ > G″) to liquid-like behavior (G′ < G″) occurs at 31 °C, thus 

confirming that the drastic decrease in the modulus is due to the dissociation of ionic hydrogen bonds 

with increasing temperature. The drastic change in the modulus with temperature is considered to be the 

significant factor to achieve the thermal shape memory effect.
65,66

 To investigate the shape-memory 

properties of the sample, a typical thermal one-way shape-memory cycle for SPB-6% is shown in Fig. 7b. 

The sample was first heated to 60 °C, and a stress of 0.03 MPa was applied. Then the strain was fixed by 

cooling the sample to 10 °C, after which the stress was removed. Shape recovery was achieved by 

reheating the sample to 60 °C and cooling back to 10 °C afterwards. The sample showed both high strain 

fixing value (Rf) of ~95% and recovery value (Rr) of ~99%, exhibiting excellent shape-memory properties. 

Furthermore, the fixing and recovery ratios stay consistent even after many cycles (Fig. S4), showing 

good cycle lifetime for the material. The effect of covalent cross-linking density on the shape memory 

properties was also studied. The thermal shape-memory cycle for SPB-2% is shown in Fig. S5. The fixing 

stays relatively constant with Rf of ~96%, while Rr decreases to ~82%. This is more likely due to the 
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residual strain resulted by slipping between the polymer chains at higher temperature for the polymers 

with low covalent cross-linking density. 

 

Fig. 7 (a) G′ and G″ of SPB-6% during heating-cooling cycle between -30 and 60 °C, measured at ω = 10 

rad/s, γ = 0.03 % from -30 to -10 ºC and γ = 0.1 % from -10 to 60 ºC. (b) Typical thermal one-way 

shape-memory cycle for SPB-6%.  

 

4 Conclusion 

In summary, a novel thermo-reversible rubber is constructed by the thiol-ene functionalized 

polybutadiene oligomers via dynamic ionic hydrogen bonds and covalent cross-links. In the resultant 

rubbers, the covalent cross-links form a permanent network which can enhance the mechanical strength 

and maintain the shape of the polymers, while the dynamic ionic hydrogen bonds construct a reversible 

network which can increase the toughness, realize self-healing as well as shape-memory function. By 

Page 18 of 24Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



19 

 

varying the covalent cross-linking density, the mechanical properties and the stimuli-responsive behavior 

can be systematically tuned. In contrast to conventional rubbers, the rubbers prepared exhibit adjustable 

stimuli-responsive behavior in combination with excellent mechanical performance, which facilitate their 

application as multifunctional smart materials. This work demonstrates a simple and effective pathway to 

fabricate multifunctional polymer with desired functions, and the strategy can also be extended to explore 

other type of dynamic non-covalent or covalent interactions to access a new range of multi-responsive 

properties. 
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