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Abstract 

Integration of multiple types of dynamic linkages into one polymer network is challenging and not 

well understood especially in the design and fabrication of dynamic polymer nanocomposites 

(DPNs). In this contribution, we present facile methods for synthesizing flexible, healable, 

conductive, and recyclable thermoresponsive DPNs using three dynamic chemistries playing 

distinct roles. Dynamic hydrogen bonds accounts for material flexibility and recycling character. 

Thiol-Michael exchange accounts for thermoresponsive properties. Diels-Alder reaction leads to 

covalent bonding between polymer matrix and nanocomposite. Overall, presence of multiple types 

of orthogonal dynamic bonds provided a solution to the trade-off between enhanced mechanical 

performance and material elongation in DPNs. Efficient reinforcement was achieved using <1 

wt.% multiwalled carbon nanotubes as nanocomposite. Resulting DPNs showed excellent 

healability with over 3 MPa increase in stress compared to unreinforced materials. Due to multiple 

responsive dynamic linkages, >90% stress relaxation was observed with self-healing achieved 

within 1 hour of healing time. Increased mechanical strength, electrical conductivity, and re-

processability were achieved all while maintaining material flexibility and extensibility, hence 

highlight the strong promise of these DPNs in the rapidly growing fields of flexible compliant 

electrodes and strain sensors.  

Key words: Dynamic bonds, polymer nanocomposites, electrical conductivity, Diels-Alder, thiol-

Michael, hydrogen bonding, thermoresponsive, recyclable. 



2 
 

Introduction 

Stimuli responsive and adaptable dynamic polymer materials have attracted significant 

attention owing to their robust applications in soft pneumatic robots,1 wearable electronics,2 energy 

storage devices,3 and electronic skins.4 These “smart” materials respond to biochemical stimuli5 

and physicochemical stimuli such as pH,6 light,7 electric field,8 temperature,9 and pressure.10 

Dynamic properties in polymer materials can be due to either dynamic covalent bonds or non-

covalent interactions.11 Commonly employed dynamic covalent bonds includes thermo-responsive 

alkoxyamines,12 boronic esters,13 disulfides,14 oximes,15 Diels-Alder (DA) linkages,16 

hydrazones,17 imines,18 and esters19 among others. While π–π stacking, hydrogen bonding, and 

electrostatic interactions are common dynamic non-covalent chemistries useful in the formation 

of supramolecular polymeric structures.20 Thermally reversible furan-maleimide DA adducts have 

received attention since they can be formed under mild conditions, have high chemo-selectivity, 

and can undergo retro-DA reaction under relatively low temperature of ca. 100 °C.16 Thiol-Michael 

(TM) additions are well known for their wide range of functional group tolerance and excellent 

selectivity among various vinyl groups, making them useful in designing new functional 

materials.21 Additionally, dynamic hydrogen bonds have gained popularity in the synthesis of self-

healing materials because they are both reversible and weaker than covalent bond, yet stronger 

than van der Waals bond.22 Dynamic quadrupole-hydrogen-bond interaction in dimerized 2-

ureido-4[1H]-pyrimidinone (UPy) motif is one of the most used hydrogen-bond linkers in dynamic 

polymer materials,23 due to its facile synthesis and efficient association.  

Despite their potential applications, polymers often have low moduli and limited electrical and 

magnetic properties, limiting their functionality and performance.24 To overcome drawbacks 

associated with homogeneous polymers, various polymer-composites have been explored in 

literature.25–27 Reinforced polymer nanocomposites possess superior features such as improved 

strength, modulus, electrical and thermal properties. Yet, degradation, surface scratches, and 

mesoscopic damages are major setbacks associated with polymer nanocomposites especially 

during transport and high-performance applications. However, self-healing polymer 

nanocomposite materials offers new directions to more sustainable and long-lasting 

multifunctional materials.28  
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Self-healing mechanisms in polymeric materials can be divided into two categories: extrinsic 

and intrinsic. Extrinsic self-healing polymers rely on external healing agents such as vascular 

networks29 or capsules30 to facilitate materials recovery, while intrinsic self-healing polymers 

utilize either dynamic non-covalent31 or dynamic covalent32 chemistries. Polymer nanocomposites 

based on the latter can be referred to as dynamic polymer nanocomposites (DPNs). Nano-

reinforcements such as silica, graphene, carbon nanotubes (CNTs), and carbon nanofibers have 

been utilized in DPNs.33–35 CNT-based reinforcement gives electrically conductive polymer 

nanocomposites with enhanced thermal and mechanical characteristics, making CNTs attractive 

in materials design.36  

Generally, CNT-based DPNs are made in one of two ways. First is by directly blending CNTs 

to polymer matrices, leading to mild reinforcements via polymer/CNT non-covalent interaction 

(e.g., polymer wrapping and polymer absorption). The challenge with this approach is that while 

CNT structure remains unaltered, transfer of load from polymer to CNT-reinforcement might be 

low. Second approach involves functionalization of CNT surface (e.g., with amino or carboxyl 

groups). Even though this approach gives better load transfer, traditional conditions used for CNT 

modification are very harsh. Functionalizing CNT walls under mild conditions is the best way to 

fully take advantage of their unique properties. Direct utilization of CNT as a source of dienes or 

dienophiles in [4+2] DA cycloadditions was first reported by Liu37 and since then similar 

chemistry has been reported in nanoscale systems38,39 but not in bulk materials. Therefore, our 

group earlier demonstrated an approach for fabricating bulk DPNs using multiwalled carbon 

nanotubes (MWCNTs) as nano-reinforcements in singly-dynamic DA cross-linked polymeric 

materials.40 We showed that well-engineering DPNs from DA bonds between pendant diene 

groups on polymer chains with π-σ bonds on CNT surface acting as dienophiles can be achieved.  
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Scheme 1. Reinforcement of a typical triply-dynamic polymer-MWCNT nanocomposite 

Herein we demonstrate a facile synthesis of DPNs by utilizing multiple (dual and triply) 

dynamic networks based on dynamic DA, TM, and quadrupole hydrogen bond chemistries in 

combination with MWCNT as nanoreinforcement. Multi-dynamic chemistry has been shown to 

lead to a synergy of each dynamic linker’s properties.41–44 This work presents an approach for 

fabricating multi-dynamic DPNs with three dynamic chemistries playing distinct dynamic roles. 

Dynamic hydrogen bonds drive flexibility, reprocessability, and thermoresponsive character. TM 

exchange facilitates healability, stress relaxation, and thermoresponsive behavior, while DA 

reaction accounts for effective integration of MWCNT into polymer matrix as illustrated in 

Scheme 1.  Resulting DPNs possess multiple types of orthogonal dynamic linkages and properties 

such as healability, electrical conductivity, reprocessability, and efficient nanoreinforcement were 

observed.  Increased material strength was observed in reinforced systems while surprisingly 

maintaining similar strain to the unreinforced material, implying that there was no significant loss 

in material extensibility despite the integration of MWCNTs. This is unlike most of the previously 

reported self-healing polymer nanocomposites that give increased strength with a trade-off in 

decreased elongation, which is the ability of a material to achieve a certain amount of strain.40,45  
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Experimental Section 

Synthesis of a typical dual-dynamic poly(EA-UPyMA-FMA) material  

Synthesis of poly(EA100-UPyMA3.75-FMA3.75)  

To a 50 mL round bottom flask equipped with a magnetic stir bar, azobisisobutyronitrile 

(AIBN) (0.02 g, 0.13 mmol), 2-(Propionicacid)yldodecyl trithiocarbonate (PADTC) (0.22 g, 0.63 

mmol), , furfuryl-methacrylate (FMA)  (0.39 g, 2.36 mmol), 2-ureido-4[1H]-pyrimidinone-

methyl-acrylate (UPyMA) (1.00 g, 2.36 mmol), Ethyl acrylate (EA) (6.30 g, 62.89 mmol), and 

DMF solvent (23 g) were added. The reaction mixture was capped with a rubber septum and 

placed in an ice bath and stirred for 15 minutes while deoxygenating under nitrogen gas. Then 

the deoxygenated mixture was transferred to an oil bath and left to stir at 65 °C for 10 hours. 

Resulting Poly(EA100-UPyMA3.75-FMA3.75) was confirmed by 1H-NMR indicating 84% 

conversion and SEC gave a polydispersity Đ of 1.28. The polymer was recovered after 

precipitating in hexanes and dried in a vacuum oven overnight using a weighed Erlenmeyer 

flask. After drying under vacuum, the experimental weight of the polymer was obtained and 

recorded. 

Crosslinking a typical poly(EA-UPyMA-FMA) materials by post-polymerization Dynamic 

Quadrupole Hydrogen Bonding and Diels-Alder Chemistry 

Each precursor polymer was combined with (1.5 x polymer weight) amount of DMF. 

Crosslinking synthesis was performed by dissolving precipitated oven dried polymer in DMF 

with 0.9 or 0 weight percent of MWCNTs with respect to the polymer weight. To achieve this, 

the reaction flask containing polymer of known experimental weight and half the total weight 

amount of DMF required was placed in an ultrasonic bath for one hour until homogenous 

mixture was obtained. This was followed by an addition of ½ mole equivalent of 1,1′-

(methylene-di-4,1-phenyl-ene)bismaleimide (BMI) dissolved in half weight amount of DMF 

(with respect to polymer weight). The reaction flask was allowed to sonicate for thirty minutes 

then 0.9 or 0 weight percent amount of MWCNTs was weighed using a weighing boat and added 

to the reaction flask. The polymer and MWCNTs mixture were allowed to sonicate for ninety 

minutes so that MWCNTs were dispersed evenly in the polymer matrix. After the MWCNT 

dispersion, the reaction contents were then transferred into a dog-bone shaped Teflon mold and 
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covered with a glass cover for 24 hours at 50 °C. Once crosslinked and molded, the dog bone 

shaped materials were removed from the Teflon mold and allowed to dry in a fume hood for 2 

days and overnight in a vacuum oven. 

 

Scheme 2. Typical synthesis of dual-dynamic poly(EA-UPyMA-FMA) materials 

 

Synthesis of a typical dual-dynamic poly(EA-UPyMA-Thiol) material 

Synthesis of poly(EA100-UPyMA3.75-EXEA3.75) 

To a 50 mL round bottom flask equipped with a magnetic stir bar, AIBN (0.018 g, 0.11 

mmol), PADTC (0.25 g, 0.73 mmol), ethyl xanthate ethyl acrylate (EXEA) (0.60 g, 2.73 mmol), 

UPyMA (1.16 g, 2.73 mmol), EA (7.28 g, 72.70 mmol), and Dioxane (18 g) were added. The 

reaction mixture was capped with a rubber septum and placed in an ice bath and stirred for 15 

minutes while deoxygenating under nitrogen gas. Then the deoxygenated mixture was 

transferred to an oil bath and left to stir at 65 °C for 16 hours. Resulting Poly(EA100-UPyMA3.75-

EXEA3.75) was confirmed by 1H-NMR indicating 98% conversion and SEC gave a Đ of 1.16. 

The polymer was recovered after precipitating in hexanes and dried in a vacuum oven overnight 

using a weighed Erlenmeyer flask. After drying under vacuum, the experimental weight of the 

polymer was obtained and recorded. 



7 
 

General procedure for post polymerization deprotection of EXEA moiety to give poly(EA100-

UPyMA3.75-Thiol3.75) 

In a 25 ml round-bottom flask equipped with a magnetic stir bar, the precursor 

Poly(EA100-UPyMA3.75-EXEA3.75) was dissolved in 2 equivalents (by weight of polymer) of 

tetrahydrofuran by sonication. To the mixture, 5 equivalents (by moles, with respect to total 

moles of PADTC and EXEA) of isopropyl amine were added. The reaction flask was then 

capped with a rubber septum and deoxygenated with nitrogen for 20 minutes. Then catalytic 

0.035 equivalents (by moles, with respect to total moles of PADTC and EXEA) of tributyl 

phosphine was added to the reaction mixture under nitrogen using a micro syringe and further 

allowed to deoxygenate for 15 minutes.  The reaction was then stirred at room temperature for 24 

hrs. The resultant deprotected poly(EA100-UPyMA3.75-Thiol3.75) was recovered after precipitating 

in hexanes using a 125 mL Erlenmeyer flask.   

Crosslinking dual-dynamic poly(EA100-UPyMA3.75-Thiol3.75) by Dynamic Quadrupole Hydrogen 

Bonding and Thiol-Michael Chemistry 

In a 125 mL Erlenmeyer flask, deprotected thiol polymer (poly(EA100-UPyMA3.75-

Thiol3.75)) was mixed with 1.5 equivalents (by weight of deprotected polymer) of DMF. In a 

separate vial, 0.5 equivalents (by moles, with respect to Thiol monomer and PADTC used in the 

polymer synthesis) of BMI crosslinker was dissolved in 0.5 equivalents (by weight of 

deprotected polymer) of DMF. The flask and the vial were then placed in an ultrasonic bath until 

the contents were fully dissolved. Once dissolved, the content in the vial (crosslinker) was added 

to the flask containing polymer and placed in the ultrasonic bath for few minutes to obtain a 

homogeneous mixture. Then 0.9 or 0 weight percent amount of MWCNTs was weighed using a 

weighing boat and added to the reaction flask. The polymer and MWCNTs mixture were allowed 

to sonicate until MWCNTs were dispersed evenly in the polymer matrix. After the MWCNT 

dispersion, the reaction contents were then quickly transferred into a dog-bone shaped Teflon 

mold and covered with a glass cover for 48 hours at 50 °C. Once crosslinked and molded, the 

dog bone shaped materials were removed from the Teflon mold and allowed to dry in a fume 

hood for 2 days and overnight in a vacuum oven. 
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Scheme 3. Typical synthesis of dual-dynamic poly(EA100-UPyMA3.75-Thiol3.75) materials 

 

Synthesis of a typical triply-dynamic poly(EA-UPyMA-Thiol-FMA) material 

Synthesis of poly(EA150-UPyMA3.75-EXEA3.75-FMA3.75) 

To a 50 mL round bottom flask equipped with a magnetic stir bar, AIBN (0.01 g, 0.06 
mmol), PADTC (0.21 g, 0.61 mmol), FMA (0.38 g, 2.27mmol), EXEA (0.50 g, 2.27 mmol), 
UPyMA (0.96 g, 2.27 mmol), EA (9.10 g, 90.91 mmol), and Dioxane (23 g) were added. The 
reaction mixture was capped with a rubber septum and placed in an ice bath and stirred for 15 
minutes while deoxygenating under nitrogen gas. Then the deoxygenated mixture was 
transferred to an oil bath and left to stir at 65 °C for 10 hours. Resulting Poly(EA150-UPyMA3.75-
EXEA3.75-FMA3.75) was confirmed by 1H-NMR indicating 79% conversion and SEC gave a Đ of 
1.24. The polymer was recovered after precipitating in hexanes and dried in a vacuum oven 
overnight using a weighed Erlenmeyer flask. After drying under vacuum, the experimental 
weight of the polymer was obtained and recorded. 

General procedure for post polymerization deprotection of EXEA moiety to give poly(EA-
UPyMA-Thiol-FMA) materials 

In a 25 ml round-bottom flask equipped with a magnetic stir bar, the precursor Poly(EA-
UPyMA-EXEA-FMA) material was dissolved in 2 equivalents (by weight of polymer) of 
tetrahydrofuran by sonication. To the mixture, 5 equivalents (by moles, with respect to total 
moles of PADTC and EXEA) of isopropyl amine were added. The reaction flask was then 
capped with a rubber septum and deoxygenated with nitrogen for 20 minutes. Then catalytic 
0.035 equivalents (by moles, with respect to total moles of PADTC and EXEA) of tributyl 
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phosphine was added to the reaction mixture under nitrogen using a micro syringe and further 
allowed to deoxygenate for 15 minutes.  The reaction was then stirred at room temperature for 24 
hrs. The resultant deprotected Poly(EA-UPyMA-Thiol-FMA) was recovered after precipitating 
in hexanes using a 125 mL Erlenmeyer flask.   

Crosslinking Triple-dynamic poly(EA-UPyMA-Thiol-FMA) materials by Dynamic Quadrupole 
Hydrogen Bonding, Thiol-Michael, and Diels-Alder Chemistries 

In a 125 mL Erlenmeyer flask, deprotected thiol polymer (Poly(EA-UPyMA-Thiol-
FMA)) was mixed with 1.5 equivalents (by weight of deprotected polymer) of DMF. In a 
separate vial, 0.5 equivalents (by moles, with respect to Thiol monomer and PADTC used in the 
polymer synthesis) of BMI crosslinker was dissolved in 0.5 equivalents (by weight of 
deprotected polymer) of DMF. The flask and the vial were then placed in an ultrasonic bath until 
the contents were fully dissolved. Once dissolved, the content in the vial (crosslinker) was added 
to the flask containing polymer and placed in the ultrasonic bath for few minutes to obtain a 
homogeneous mixture. Then 0.9 or 0 weight percent amount of MWCNTs was weighed using a 
weighing boat and added to the reaction flask. The polymer and MWCNTs mixture were allowed 
to sonicate until MWCNTs were dispersed evenly in the polymer matrix. After the MWCNT 
dispersion, the reaction contents were then quickly transferred into a dog-bone shaped Teflon 
mold and covered with a glass cover for 24 hours at 50 °C and followed by 24 hours at 90 °C. 
Once crosslinked and molded, the dog bone shaped materials were removed from the Teflon 
mold and allowed to dry in a fume hood for 2 days and overnight in a vacuum oven.  

 

 

 

Scheme 4. Typical synthesis of triply-dynamic poly(EA-UPyMA-Thiol-FMA) materials 
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Procedure for healing experiment 

A pristine polymer sample was sliced into two as illustrated in Figure 1 using a razor blade. The 
cut samples were then placed in close proximity such that their fractured ends were in contact. A 
little pressure was applied (red arrows in Figure 1) to further ensure that cut samples stayed in 
contact. Next, both pristine (uncut) and cut samples were heated at 90 °C to ensure that uncut 
and healed polymer samples were treated similarly for fair comparison. 

 

 

Figure 1. Demonstration of a typical healing experiment used in this study. (a) A pristine sample was sliced using a 
razor blade. (b) Fractured ends of cut samples were placed back together (c) Pressure was applied to ensure fractured 
ends of cut samples were in contact and 90 °C was applied for 10 hours. 

 

Results and Discussion 

In this study, six different DPNs were synthesized by creating well-defined multi-dynamic 

polymers using reversible addition-fragmentation chain transfer (RAFT) polymerization46 (Table 

S1). Materials in this study were investigated based on varied polymer composition, cross-link 

density, and degree of polymerization. Moieties responsible for dynamic linkages included 2-

ureido-4[1H]-pyrimidinone-methyl-acrylate (UPyMA) capable of exchanging H-bond linkages 

under ambient and elevated temperatures, FMA and ethyl xanthate ethyl acrylate (EXEA) capable 

of forming dynamic thermo-responsive DA and Thiol-Maleimide (TM) adducts respectively. 

Ethyl acrylate (EA) was used as monomer for the backbone of polymers studied, resulting in 

flexible materials with glass transition temperatures Tg below room temperature (range –5 to +8 

°C °C) hence supporting dynamic properties47,48 (Table 1). Materials synthesized are categorized 

into three groups of polymers. First group was dual-dynamic with UPyMA and FMA linkers at 

either 5 mol% crosslinker (poly(EA100-UPyMA2.5-FMA2.5)) or 7.5 mol% crosslinker (poly(EA100-

UPyMA3.75-FMA3.75)). The second group was dual-dynamic containing UPyMA and Thiol-based 

crosslinkers at 7.5 mol% linker (poly(EA100-UPyMA3.75-Thiol3.75)). Third group was triply 
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dynamic with UPyMA, FMA, and Thiol linkers with a total crosslink density of 7.5 mol%. The 

triply dynamic materials had three distinct chain lengths of ~100 units (poly(EA100-UPyMA2.5-

Thiol2.5-FMA2.5)), ~150 units (poly(EA150-UPyMA3.75-Thiol3.75-FMA3.75)), and ~200 units 

(poly(EA200-UPyMA5-Thiol5-FMA5)). Scheme S1 provides a flowchart for all materials studied 

and summarized procedures for all synthesis described in Schemes 2-4. DPNs reinforced with 0.9 

wt.% MWCNT were studied in comparison to their pristine polymers with 0 wt.% MWCNT which 

were used as controls (Table 1). All polymer composition and Đ (1.21 – 1.41) are provided in 

Table S1. EXEA was employed as a protected thiol monomer and subject to post-polymerization 

deprotection to obtain free thiol groups (Scheme 3-4). All polydispersity data were collected prior 

to deprotection (Figure S5). Experimental methods for material characterization are provided in 

the supporting information. 

Table 1. Table outlining all synthesized single-network materials, DSC, and tensile stress-strain data. 

Polymer material Wt.% 
CNT 

Tg 

(°C) 
speak 

(MPa) 

ebreak 

(mm/mm) 

Y 
(MPa) 

F 

(MPa) 

poly(EA100-UPyMA2.50-FMA2.50) 0 – 1 1.14 ± 0.01 1.70 ± 0.04 1.26 ± 0.05 1.03 ± 0.01 

poly(EA100-UPyMA2.50-FMA2.50) 0.9 – 2 3.2 ± 0.4 1.09 ± 0.07 4.8 ± 0.5 2.37 ± 0.01 

poly(EA100-UPyMA3.75-FMA3.75) 0 0 4.3 ± 0.4 1.12 ± 0.09 6.0 ± 0.3 3.09 ± 0.04 

poly(EA100-UPyMA3.75-FMA3.75) 0.9 0 6.8 ± 0.2 1.0 ± 0.1 11 ± 1 4.23 ± 0.01 

poly(EA100-UPyMA3.75-Thiol3.75) 0 7 2.3 ± 0.2 1.7 ± 0.1 2.27 ± 0.08 2.59 ± 0.09 

poly(EA100-UPyMA3.75-Thiol3.75) 0.9 8 3.8 ± 0.2 0.7 ± 0.1 8 ± 1 1.84 ± 0.01 

poly(EA100-UPyMA2.50-Thiol2.50-FMA2.50) 0 0 2.32 ± 0.07 2.47 ± 0.07 1.90 ± 0.03 3.62 ± 0.04 

poly(EA100-UPyMA2.50-Thiol2.50-FMA2.50) 0.9 2 4.1 ± 0.3 2.2 ± 0.2 3.81 ± 0.09 4.43 ± 0.01 

poly(EA150-UPyMA3.75-Thiol3.75-FMA3.75) 0 – 5 3.1 ± 0.2 1.73 ± 0.08 2.41 ± 0.02 3.82 ± 0.05 

poly(EA150-UPyMA3.75-Thiol3.75-FMA3.75) 0.9 0 5.1 ± 0.5 1.2 ± 0.1 7 ± 1 4.3 ± 0.2 

poly(EA200-UPyMA5-Thiol5-FMA5) 0 1 4.1 ± 0.5 1.66 ± 0.09 3.07 ± 0.05 4.67 ± 0.04 

poly(EA200-UPyMA5-Thiol5-FMA5) 0.9 1 7.3 ± 0.5 1.5 ± 0.2 7.5 ± 0.4 6.70 ± 0.02 
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The use of methacrylic FMA and UPyMA monomers with acrylic backbone forming 

monomers could lead to some gradient character, as the methacrylate should incorporate 

preferentially. Literature reports from Marin et al. revealed a strong correlation between 

polydispersity and gradient distribution of comonomers in copolymers made using controlled 

radical polymerization.49 Hence the distribution of functional monomers in our systems are 

expected to be relatively non-uniform considering polydispersity values in the range of 1.21 – 1.41 

in this study. However, since multiple cross-linking points are available on a single network 

polymer, the distribution of monomers would have a smaller effect on overall cross-linking 

efficiency. 

Post-polymerization cross-linking of dual-dynamic poly(EA100-UPyMA2.5-FMA2.5) and 

poly(EA100-UPyMA3.75-FMA3.75) (Scheme 2) was achieved via dynamic hydrogen bonds from 

UPy groups and by using stoichiometric amounts of BMI to cross-link furan groups from FMA 

via furan-maleimide adduct formation. FMA introduces dienes needed for dynamic covalent DA 

chemistry in the presence of a maleimide. Since commercially available BMI is 95% pure,50 using 

stoichiometric amounts as cross-linker implies that there would be unreacted furan groups 

available for DA chemistry with MWCNT surface (Scheme 1). For dual-dynamic poly(EA100-

UPyMA3.75-Thiol3.75), dynamic TM addition between Thiol groups and BMI resulted in the cross-

linked polymer by formation of TM adduct. (Scheme 3).  
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Figure 2. In situ formed DA adduct readily converted to TM adduct in the presence of 2-Mercaptoethan-1-ol. (i) 1H 

NMR spectrum of a stoichiometric reaction mixture of (Furan-2-yl)methanol  and N-methylmaleimide in CDCl3 after 

mixing. (ii) After heating for 24 hours at 65 oC shows evidence of DA adduct. And (iii) Introducing stoichiometric 

amount of ME and catalytic amount of (Triethyl)amine favors formation of corresponding Thiol-Michael adduct after 

heating for 24 hours at 90 °C. 

 

Before synthesizing the triply dynamic network systems, small molecule studies were 

performed to evaluate whether the thiol or the furan diene preferentially reacts with the maleimide 

group, since both pendant furan and thiol groups can react with BMI. Small molecule studies were 

performed by reacting N-methylmaleimide and furfuryl alcohol (FA) to form a DA adduct which 

was subjected to dynamic exchange in the presence of 1 equivalent of 2-mercaptoethan-1-ol at 90 

°C for 24 hours  (Figure 2), see experimental details in supporting information. Interestingly, free 

FA and the corresponding TM adduct of 2-mercaptoethan-1-ol and N-methylmaleimide were 
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formed, suggesting that equilibrium strongly favors formation of TM adduct over DA adduct. This 

transformation occurs by retro-DA reaction of the DA adduct followed by TM addition of 2-

mercaptoethan-1-ol to N-methylmaleimide. To confirm this, stoichiometric amount of FA was 

added to in situ formed TM adduct and after thermal activation of dynamic TM adduct, it was 

found that FA had no effect on TM adduct as shown in Figure S1. Furthermore, Figure S2 confirms 

that excess FA had no impact on DA adduct subjected to retro-DA reaction. 

These findings show that TM adduct forms preferentially over DA adduct, thus enabling 

well-engineered triply-dynamic polymer composites from polymers containing UPy, furan, and 

thiol groups. Cross-linking triply-dynamic materials can be achieved using stoichiometric BMI 

amount required to cross-link thiol groups via TM adduct, leaving FMA groups to bind to 

MWCNTs. During synthesis, some FMA furan groups may also react with BMI, therefore DPNs 

from this study were subjected to a post cross-linking curing process at 90 °C for 24 hours. The 

rationale is that during the curing process, all possible DA adducts between BMI and furan groups 

will undergo retro-DA reaction, leading to formation of the more favored TM adduct between BMI 

and thiol groups. This allows free furan groups to only undergo DA reactions with MWCNT 

surface via furan dienes on polymer chains and π-bonds on MWCNT surface acting as 

dienophiles.37 Hence, all possible chemistries have been illustrated in Scheme 1.  

Characterization of materials were carried out using dynamic mechanical analysis (DMA), 

differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and tensile testing. 

Images of typical materials obtained in this study are shown in Figure S3. Thermal degradation 

profiles of all materials were similar (Figures S6a-c) with degradation occurring in the range 340–

360 oC due to poly(EA) backbone of each material. A typical DSC curve is shown in Figure S6d. 

Infrared (IR) spectroscopy was used to analyze DP100 triple-dynamic poly(EA100-UPyMA2.5-

Thiol2.5-FMA2.5) material with 0 wt.% CNT and 0.9 wt.% CNT in order to identify possible 

absorption peaks that show evidence of DA adduct. Ideally, stronger absorption peaks representing 

DA adduct formation between polymer chains and CNT surface are expected to be in 1651 cm-1 

region. However, identifying and assigning that specific peak in our system is challenging 

considering that <1 wt.% CNT loading was used. Yet, we observed slightly stronger absorption in 

the 1600 – 1500 cm-1 region for the material containing 0.9 wt.% CNT (Figure S7). This is likely 

due to the addition of π-bond functionalities from CNTs. 
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Figure 3. (a) Frequency sweeps of reinforced and unreinforced triply-dynamic poly(EA150-UPyMA3.75-FMA3.75-

Thiol3.75) carried out at 25 °C using 0.3% strain. (b) Stress relaxation of reinforced and unreinforced triply-dynamic 

poly(EA150-UPyMA3.75-FMA3.75-Thiol3.75), relative to the peak stress, carried out at 30 °C using 10% strain. 

 

Several literature reports51 including findings from Feldman et al.52 and Leibler et al.53 

confirms that dynamic hydrogen bonds contribute to macroscopic properties such as 

thermoresponsive behavior, recyclability, and flexibility in dynamic polymer materials 

respectively. Dynamic TM exchange can also account for thermoresponsive properties, self-

healing, malleability, and reprocessability.54–56 Additionally, DA reaction facilitates effective   
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reinforcement between functional furan side chains in this study and MWCNT by formation of 

DA adduct between MWCNT and polymer chains.37,40 Integration of multiple types of dynamic 

bonds in polymer materials to synergistically harness their unique properties is rare and not well 

understood, especially the integration of more than two different orthogonal dynamic exchanges.57 

Hence, DPNs proposed in this study show distinctive dynamic properties that can be attributed to 

the unique contributions of each dynamic exchange employed.  

Initially, impact of MWCNT loading on multi-dynamic materials was determined by 

looking at both frequency sweep and stress-relaxation of poly(EA150-UPyMA3.75-FMA3.75-

Thiol3.75). As seen in Figure 3a, integration of just 0.9 wt.% MWCNTs increases storage modulus 

of materials by a factor of ~4. At higher frequency, dynamic character of these materials was 

highlighted by the cross-over between storage and loss modulus in both reinforced and 

unreinforced materials. All materials showed good stress relaxation properties, even under ambient 

conditions due to hydrogen bonded UPy units51,52 as well as TM linkages.55,56 Figure 3b shows 

that poly(EA150-UPyMA3.75-FMA3.75-Thiol3.75) materials relaxed over 90% of the initial stress 

within 150 min under ambient conditions, and over 80% of peak stress relaxed in the material 

reinforced with 0.9 wt% MWCNT. Although both reinforced and matrix only materials showed 

excellent stress relaxation, the higher modulus and stiffness resulting from reinforcement rigidified 

materials decreased the stress relaxation rate and plateau value in all reinforced materials (Figure 

S8). Stress relaxation observed in these materials can be attributed to the presence of multiple types 

of macromolecular engineered dynamic bonds. To confirm the influence of hydrogen bonding on 

the stress relaxation observed, MWCNT-reinforced and unreinforced dual-dynamic poly(EA150-

Thiol5.6-FMA5.6) was synthesized and studied as control materials that lack contribution from 

hydrogen bonding. Control systems were cross-linked with BMI through dynamic DA and TM 

chemistries based on the design principle for triply-dynamic systems. Figure S9 reveals that only 

~60% of the stress applied to poly(EA150-Thiol5.6-FMA5.6) was relaxed compared to ~ 90% stress 

relaxation observed in poly(EA150-UPyMA3.75-Thiol3.75-FMA3.75). This suggests that dynamic 

hydrogen bonds contribute significantly to the stress relaxation observed in triply-dynamic 

materials. 
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Figure 4. Combined frequency sweeps of reinforced and unreinforced (a) dual-dynamic poly(EA100-UPyMA3.75-

FMA3.75), (b) dual-dynamic poly(EA100-UpyMA3.75-Thiol3.75), (c) triply-dynamic poly(EA100-UpyMA2.5-FMA2.5-

Thiol2.5), and (d) triply-dynamic poly(EA150-UpyMA3.75-FMA3.75-Thiol3.75) at 25 and 65 °C. 

 

Figure 4 presents frequency sweeps for reinforced and unreinforced dual-dynamic 

poly(EA100-UPyMA3.75-FMA3.75), dual-dynamic poly(EA100-UPyMA3.75-Thiol3.75), triply-

dynamic poly(EA100-UPyMA2.5-FMA2.5-Thiol2.5), and triply-dynamic poly(EA150-UPyMA3.75-

FMA3.75-Thiol3.75) all carried out at 25 and 65 °C using 0.3% applied strain respectively. In all four 
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systems, it was observed that higher temperature led to lower storage moduli, hence highlighting 

thermoresponsive behavior in all materials. This is consistent with dynamic polymer materials 

based on covalent TM,56 furan-maleimide DA,58 and dynamic hydrogen bonds23 reported in 

literature, and is likely due to dissociation and faster exchange from hydrogen bonded UPy units. 

Figure S10 gives a holistic view of combined frequency sweep data for experiments conducted at 

25, 45, and 65 °C, showing a general progressive decrease in moduli as experimental temperature 

increases respectively. Dual-dynamic poly(EA100-UPyMA3.75-FMA3.75) gave a slightly higher 

storage moduli compared to poly(EA100-UPyMA3.75-Thiol3.75) especially at higher frequency 

(Figure 4a-b, S11a). Triply-dynamic with longer chain lengths, poly(EA150-UPyMA3.75-FMA3.75-

Thiol3.75) represented in Figure 4d and poly(EA200-UPyMA5.00-Thiol5.00-FMA5.00) represented in 

Figure S11b had larger increase in storage modulus upon introduction of 0.9% MWCNTs 

compared to the shorter-chain poly(EA100-UPyMA2.5-FMA2.5-Thiol2.5)  shown in Figure 4c. This 

could be due to longer chain lengths facilitating more elastically effective connections between the 

MWCNT and the matrix, with potentially fewer intramolecular loops formed.  
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Figure 5. Stress-strain curves for reinforced and unreinforced (a) dual-dynamic poly(EA100-UPyMA2.5-FMA2.5), (b) 

dual-dynamic poly(EA100-UPyMA3.75-FMA3.75), (c) dual-dynamic poly(EA100-UPyMA3.75-Thiol3.75), and (d) triply-

dynamic poly(EA100-UPyMA2.50-Thiol2.50-FMA2.50). Uncut pristine polymer samples are represented with a ‘U’ and 

healed samples are represented with ‘H’. 

 

Tensile tests were used to evaluate material properties and determine self-healing and 

dynamic exchange potential of each material. Young’s modulus (Y) was obtained using the Ogden 

model.59 Toughness (F) was evaluated by integrating the engineering stress from a strain of 0 until 

break. Average values for peak stress (speak), strain at break (ebreak), and Y of all materials are 

shown in Table 1. Tensile testing curves are reported in Figure 5. It was observed that addition of  
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less than 1 wt.% MWCNT gave substantial increase in materials strength across all systems. 

Doubly dynamic 7.5% cross-linked Poly(EA100-UPyMA3.75-FMA3.75) showed improved strength 

(with over 100% increase in stress) and toughness compared to less cross-linked poly(EA100-

UPyMA2.5-FMA2.5) which reached higher strain (Figure 5a-b). This may be due to the presence of 

more cross-linking sites in poly(EA100-UPyMA3.75-FMA3.75) resulting in a stronger material. 

Thermal healing and reinforcement in both materials are comparable, where material healability 

is observed due to the presence of dynamic hydrogen bonds, thermo-responsive DA, and TM 

adducts as dynamic linkages. Doubly dynamic 7.5% cross-linked Poly(EA100-UPyMA3.75-

Thiol3.75) showed better healing (Figure 5c), extensibility, and generally ~40%  less strength 

compared to poly(EA100-UPyMA3.75-FMA3.75) (Figure 5b). Although interestingly, addition of 

MWCNT led to improved strength (~55% increased stress) and toughness (~40% less strain) in 

poly(EA100-UPyMA3.75-Thiol3.75). This was probably due to steric effect between polymer matrix 

and MWCNTs. Another possibility is that during self-healing, materials cured at 90 °C could lead 

to fast exchanges between TM linkages within the system. Although equilibrium in this process 

favors formation of TM linkages (Figure 2), it is possible that one end of BMI cross-linker could 

undergo Thiol-Michael addition with a thiol group on the polymer and the other end undergoes 

DA chemistry with MWCNT, ultimately resulting in effective reinforcement.40 Unlike dual-

dynamic materials, 7.5% cross-linked triply-dynamic poly(EA100-UPyMA2.5-Thiol2.5-FMA2.5) 

showed that reinforcement can be achieved without necessarily losing extensibility (Figure 5d). 

Reinforced poly(EA100-UPyMA2.5-Thiol2.5-FMA2.5) had an average ebreak of ~2.20 mm/mm which 

is greater than all average ebreak observed in Figure 5a-c (Table 1). Also, MWCNT enhanced 

poly(EA100-UPyMA2.5-Thiol2.5-FMA2.5) showed substantial reinforcement with ~80% increase in 

stress compared to their unreinforced materials. This could be due to DA adducts of furan diene 

and π-bonds on MWCNT surface, TM adduct of thiol and BMI, and hydrogen-bonds from UPy 

motifs. Unique roles of different groups present in the triple network allows resulting materials to 

possess properties observed in both dual-dynamic poly(EA100-UPyMA3.75-FMA3.75) and 

poly(EA100-UPyMA3.75-Thiol3.75). 
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Figure 6: (a) Stress-strain curves for reinforced and unreinforced poly(EA200-UPyMA5-Thiol5-FMA5). (b) Varied 

self-healing time stress-strain curves for unreinforced poly(EA100-UPyMA2.5-Thio2.5-FMA2.5). 

 

Overall, healability and extensibility is observed in triply-dynamic networks with 

reinforced variants showing increased strength while retaining extensibility that is comparable to 

unreinforced variants as shown in Figure 5d and Figure 6a. Additionally, longer chain triply-

dynamic DP200 reinforced poly(EA200-UPyMA5-Thiol5-FMA5) materials gave average speak of 

~8 MPa compared to ~6 MPa and ~4 MPa in DP150 poly(EA150-UPyMA3.75-Thiol3.75-FMA3.75) 

and DP100 poly(EA100-UPyMA2.5-Thiol2.5-FMA2.5) respectively (Figure S12, Table 1). Time 

evolution of the self-healing efficiency of poly(EA100-UPyMA2.5-Thio2.5-FMA2.5) showed 
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approximately 60% recovery of mechanical properties within 1 hour of heating at 90 °C. The is 

likely because approximately half the dynamic linkages are fast exchanging hydrogen bonded UPy 

units, hence longer healing times led to overall better healing as illustrated in Figure 6b. This is an 

impressively fast time scale of healing considering it takes another 23 hours to achieve only ~35% 

more recovery. This is an improvement compared to our previous report40 where approximately 

80% thermal healing was achieved after treatment for 24 hours at 90 °C and no significant healing 

was observed after 1 hour due to absence of complementary orthogonal dynamic bonds. 

Thermosets are highly cross-linked covalent networks, which makes reprocessing a major 

challenge.60 Thermosets have a wide range of applications ranging from auto-parts and aerospace 

materials to insulation handles for kitchen wares.60,61 Upon failure however, thermosets cannot be 

repaired or recycled and that consequently reduces their service life, leading to a waste of 

resources. Thus, designing malleable and thermally repairable polymer nanocomposites which can 

undergo multiple recycling without losing network integrity is important for materials 

applications. DA reaction has been well studied as a covalent adaptable network mainly targeted 

towards achieving repairable polymers62 and even in fabrication of fiber-reinforced polymer 

materials.63 This implies that introducing dynamic bonds into polymers or polymer composites can 

lead to thermosets with reprocessable properties. Figure 7a demonstrates the reprocessability of 

DPNs in this study by hot pressing. Typical reinforced material (with 0.9 wt.% CNT) and 

unreinforced material (without CNT) were shown to successfully undergo remolding multiple 

times at 100 °C for 1 hr, similar to remolding conditions used by Guo et. al to reprocess a CNT–

vitrimer composite.64 Recyclability of these DPNs is due to simultaneous dynamic hydrogen 

bonds, DA reversibility, and partially by TM exchange reaction activated at elevated temperature. 

No significant loss in tensile property of materials was observed after reprocessing three times 

(Figure 6b-e). The data in Figure 7 indicate that these materials could pave the way for designing 

less expensive but yet highly effective next generation self-healing carbon/polymer composites for 

aerospace and automotive materials,61 especially since less than 1 wt.% of nanocomposite material 

is required.  
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Figure 7. (a) Photographs showing the reprocessing steps for a typical unreinforced (0 wt.% CNT) and reinforced (0.9 

wt.% CNT) DPN. (b) Strain-strain curves of original and recycled CNT reinforced EA100-UPy2.5-Thiol2.5-FMA2.5 (c) 

unreinforced EA100-UPy2.5-Thiol2.5-FMA2.5 (d) CNT reinforced EA100-UPy3.75-FMA3.75 (e) unreinforced EA100-

UPy3.75-FMA3.75.   

 

Scanning electron microscopy was used to explore the morphology of typical reinforced 

and unreinforced triply-dynamic materials (Figure 8a-d). An interesting phenomenon showed that 

unreinforced materials reveal smooth surfaces even when fractured (Figures 8a-b, S13). This is 

contrary to reinforced materials which show evidence of MWCNT tiny colonies that can be 

observed on the surface (Figure 8c) and MWCNT distribution when fractured (Figure 8d). The 

presence of MWCNT in poly(EA100-UPyMA2.5-Thio2.5-FMA2.5) shows the visual effect of nano-

reinforcement on the material morphology and give some insight into the distribution of 
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nanocomposites in the polymer matrix. Electrical conductivity (k) of all reinforced materials was 

obtained using a four-point probe (Figure 9) as illustrated in Figure S4. Unreinforced materials 

were not tested because they cannot reach electrical percolation, hence do not provide measurable 

electrical current.40 Generally, since electrical percolation is less impacted by chain bridging in 

polymer architecture, all DPNs in this study showed electrical conductivities in the order of 10–5–

10–4 S/m due to only less than 1 wt.% MWCNT nanoreinforcement (Figure 7f). Suggesting that 

these DPNs could potentially contribute to the rapidly growing fields of flexible compliant 

electrodes65 and strain sensors.45   

 

  

Figure 8. Scanning electron micrographs of triply-dynamic poly(EA100-UPyMA2.5-Thio2.5-FMA2.5) with 20 μm scale 

bars and 200X magnification showing (a) surface and (b) razor-sliced interior of unreinforced materials then (c) 

surface and (d) razor-sliced interior of reinforced materials.  

 

In the future, scientists envisage that human senses will be greatly enhanced by electronics 

that are built into accessories, clothes, and sensors attached to the skin. This has influenced the 

high demand in wearable electronics such as flexible compliant electrodes66 and strain sensors.45 

For example, common uses of strain sensors include artificial skins, health monitoring devices, 
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strain gauges, etc.67 To truly benefit from wearable operations, it is highly desired that 

stretchability and flexibility are well engineered into wearable systems. Hence our contribution in 

this work provides a potential pathway to retaining stretchability and flexibility in polymer-

composite electronic sensors. Additionally, cracks and damage in large structures (e.g., airplanes, 

submarines, wind turbines, etc.) can be detected using flexible electronics that are capable of 

measuring large strain. For example, large-area flexible sensing materials could be used in very 

practical applications like sensing premature cracking on an aircraft body which could enable the 

replacement of damaged parts during routine service, hence preventing the occurrence of life-

threatening situations during flight.68 Challenges associated to such flexible polymer-composite 

electrodes and strain sensors include micro-cracks (or premature fracture) within polymer layer 

and reduced material durability due to ageing. These damages are highly minimized in materials 

with self-healing ability.69 

 

  

Figure 9. Electrical conductivity (k) profile of all materials reinforced with 0.9 wt.% MWCNT. 

 

Summary and Conclusions 

In this study, we proposed a solution to a common problem associated to polymer 

composite materials. Where direct reinforcement of polymer materials using nanocomposites leads 

to enhanced mechanical properties in resulting polymer composites but poor dynamic character 

such as self-healing and reprocessability, suggesting a trade-off between enhanced mechanical 

properties and dynamic character in such materials.44 To address this problem, we proposed that 

single network polymers with up to three types of orthogonal dynamic bonds could potentially 
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provide solution to the trade-off problem due to the presence of complimentary dynamic 

interactions. We demonstrated that addition of <1 wt.% of MWCNT led to covalent bonding 

between the polymer network and composite via DA adduct and ultimately effective reinforcement 

of the resulting DPN without significant loss in dynamic character. Owing to the addition of 

MWCNT, triple-dynamic materials showed dynamic properties such as healability and 

reprocessability despite increased material strength. Reinforced and unreinforced materials show 

no significant difference in the number of times each material can be recycled. Also, we 

demonstrated using stress-strain data in Figure 5 and toughness data in Table 1 that there is no 

difference in the elongation of reinforced materials compared to the unreinforced ones despite the 

reinforced materials having increased toughness. This indicates material resilience and their future 

promise as excellent candidates for high performing mechanically robust materials. Combining 

unique dynamic covalent chemistries resulted in triply-dynamic polymer composites with over 3 

MPa increase in stress and 4 MPa increase in Young’s modulus compared to unreinforced 

materials. In addition to electrical conductivity, dynamic properties such as healability, stress 

relaxation, thermoresponsive behavior, and recyclability were achieved across all materials, hence 

paving the way for designing next-generation of sustainable polymer composites that could be 

useful for aerospace and automotive parts, as well as medical devices. 
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