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Abstract: This study investigates the impact of dibutyltin dilaurate (DBTDL) and dibutyltin diacetate (DBTDA) catalysts 

on the properties of bio-isocyanate trimer-based polyurethanes, focusing on their Diels-Alder (DA) self-healing mech-

anism. Polyurethane prepolymer, derived from polyethylene glycol and pentamethylene diisocyanate trimer, was func-

tionalized with furfuryl amine and crosslinked with bismaleimide to form self-healing networks. Fourier-transform 

infrared spectroscopy (FTIR) analysis confirmed successful bond formation in both catalyst systems, with no significant 

chemical structural differences. However, differential scanning calorimetry (DSC) analysis showed DBTDL resulted in 

superior DA crosslinking, as indicated by a greater reduction in the PEG melting enthalpy and increased gel content com-

pared to DBTDA. The thermal reversibility of the DA bonds was also demonstrated. Both qualitative (optical micros-

copy) and quantitative (tensile testing) assessments revealed over 100% self-healing efficiency for both catalysts, with 

DBTDL-catalyzed polyurethanes exhibiting better tensile strength recovery. These findings suggest DBTDL is more 

effective in enhancing DA crosslinking and polymer network recovery, thereby significantly improving the self-healing 

performance of bio-based polyurethanes. This emphasizes the importance of optimal catalyst selection for maximizing 

the mechanical properties and healing capabilities in sustainable coating applications.

Keywords: self-healing polyurethane, Diels-Alder reaction, biobased, isocyanate trimer, catalyst, dynamic crosslink.

Introduction

Polyurethane (PU) is a highly adaptable polymer commonly 

used in a wide range of industries, such as adhesives, coatings, 

automotive, construction, and healthcare.1-3 Its main advantage 

lies in its formulation flexibility, which enables the tailoring of 

mechanical, thermal, and chemical properties through adjust-

ments in polyols and isocyanates.4 However, PU is prone to    

mechanical and environmental degradation, resulting in per-

formance loss and reduced material lifespan due to hard-to-

detect microcracks.5 Traditional repair methods are ineffective    

in addressing these micro-cracks, highlighting the potential of 

developing PU with self-healing capabilities as a viable solu-

tion and an expanding research area.

Self-healing mechanisms are inspired by regenerative pro-

cesses found in living organisms. Over the past two decades, 

several self-healing polymers have been developed, with most 

still relying on petrochemical-based materials.6 In response to    
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the limitations of fossil resources and their environmental con-

sequences, research has increasingly shifted toward bio-based 

materials—those derived from living organisms that offer more 

sustainable environmental options.7 The development of bio-      

based PU with dynamic covalent structures contributes to a cir-

cular economy by facilitating recycling and extending the mate-

rial’s lifespan from the design phase.8 Bio-based diisocyanates       

have become a key alternative in polymer research to promote 

sustainability. One such promising option is the pentamethylene 

diisocyanate trimer (PDI-t), a straight-chain aliphatic diisocy-

anate derived from renewable sources. PDI is low in toxicity 

and has been commercialized by Covestro for applications in 

coatings, foams, and adhesives. It is produced from corn starch, 

animal feed, and non-food industrial crops, ensuring no direct 

competition with food production.9–11

Self-healing materials can regain their original properties 

either independently or through the application of external stimuli. 

A particularly effective method for achieving this restoration 

is the Diels–Alder (DA) reaction, which facilitates the revers-

ible formation and cleavage of covalent bonds in response to 

temperature changes, thereby enabling damage repair through 

repeated heating. This attribute renders the DA reaction excep-

tionally suitable for polymer applications because, it mitigates 

the need for extreme thermal conditions. Numerous studies have 

concentrated on the development of self-healing PUs utilizing 

the DA reaction, primarily employing two methodologies: the 

incorporation of furan groups into PU prepolymer that subse-

quently react with bismaleimide, and the synthesis of PU prepoly-

mer that contain maleimide groups, which are later engaged in 

reactions with bifunctional furan compounds.5

PU synthesis is achieved through the reaction of isocyanates, 

either diisocyanates or polyisocyanates, with polyols to form 

urethane bonds. Trimer isocyanates, such as isocyanurate, biuret, 

and allophanate, each containing three isocyanate groups per 

molecule, serve as crosslinking agents. This results in the for-

mation of a complex polymer network that enhances the ther-

mal stability, chemical resistance, and mechanical properties. 

The unique ring structure of isocyanurate notably increases the 

thermal stability and chemical resistance of PU.12
 Aliphatic tri-        

mer isocyanates are particularly favored for coatings because 

of their low toxicity, excellent thermal stability, superior mechan-

ical strength, and high resistance to weathering.13 The choice 

between aromatic and aliphatic isocyanates in the PU synthesis 

is critical and should be tailored to the intended application.14

Researchers have widely employed catalysts and isocyanate 

trimers in the synthesis of DA self-healing PUs, with dibutyltin 

dilaurate (DBTDL) catalysts commonly used alongside isocy-

anates like hexamethylene diisocyanate trimer (HDI-t)15–20 and 

isophorone diisocyanate trimer (IPDI-t).21 While the use of 

dibutyltin diacetate (DBTDA) catalysts is less prevalent, it has 

been applied in research with isophorone diisocyanate trimer 

(IPDI-t).22,23 The literature reveals that, although there has been 

significant research into self-healing PUs based on DA reac-

tions using isocyanate trimers such as HDI-t, and IPDI-t and some 

preliminary studies on PDI-t, there is still a gap in integrating 

PDI-t into the self-healing mechanism. The lack of comprehen-

sive, systematic studies on the synergistic effects of PDI-t as 

isocyanate components in self-healing PUs highlights an import-

ant area for further investigation.

This research investigates the development of a self-healing 

PU using a bio-based PDI-t as an isocyanate via the DA reac-

tion. The initial step involves synthesizing the PU prepolymer 

from the PEG and PDI-t, adjusting for reaction time and tem-

perature variations. Subsequently, this prepolymer reacted with 

the furfuryl amine to produce the furan-terminated PU. The 

formation of the self-healing PU is formed through the cross-

linking of PU-FA with bismaleimide, again employing the DA 

reaction. Furthermore, this study explores the effects of DBTDL 

and DBTDA catalysts on the mechanical properties and heal-

ing efficiency of the resultant PU. The findings are intended to 

advance the development of eco-friendly PUs, specifically tar-

geting their applications in self-healing coatings.

Experimental

Materials. Polyethylene glycol - PEG (MW 4000 g/mol),     

DBTDL (USA), DBTDA (USA), furfurylamine 99% (USA), 

and bismaleimide (BMI from Germany) were purchased from 

Sigma-Aldrich and used as received. The bio-based pentam-

ethylene diisocyanate trimer (PDI-t), commercially designated 

as Desmodur® eco N7300, was provided by Covestro Indonesia. 

Dimethylformamide (Germany), used as the reaction solvent, 

was sourced from Merck.

Synthesis of a Self-healing PU. PEG (6.4 g, 1.6 mmol),     

PDI-t (2.2 g, 4.8 mmol), and DBTDL catalyst were dissolved 

in 10 mL of DMF and stirred in a 250 mL three-neck flask 

equipped with a mechanical stirrer and reflux condenser. For 

comparative consistency, the same procedure was conducted 

using DBTDA as the catalyst. The reaction mixture was heated 

to 80 ℃ and maintained for 1 hour to synthesize a PU pre-     

polymer with an NCO/OH ratio of 3. Then, it was cooled in an 

ice-water bath. Furfuryl amine (0.68 g, 7 mmol) was pre-dis-
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solved in 2 mL of DMF and added dropwise to the prepolymer 

solution over 10 minutes. After stirring for 30 minutes, the mix-

ture was reheated to 65 ℃ and held for another hour. Upon           

cooling to room temperature, the furfuryl amine-functionalized 

prepolymer (PU-FA) was slowly mixed with bismaleimide 

(BMI, 1.8 g, 5 mmol) and heated at 65 ℃ for an additional hour.             

The final product was then cast onto a PTFE sheet and dried 

in a vacuum oven at 60 ℃ for 24 hours. Table 1 provides the             

details of the catalyst treatments and formulations.

Characterization. A series of characterizations was per-      

formed to evaluate the chemical structure and physical properties 

of the self-healing PU materials. Fourier-transform infrared 

spectroscopy (FTIR) was employed to monitor changes in the 

functional groups throughout the DA reaction. Spectra were 

obtained using a Bruker Tensor 27 spectrometer equipped with 

an ATR accessory, collecting 64 scans over a wavenumber 

range of 4000–500 cm-1. 1H NMR measurements were carried 

out on an Oxford Instruments X-Pulse Benchtop NMR Spec-

trometer (60 MHz), utilizing DMSO-d6 as the deuterated sol-

vent. Thermal transitions, including the melting temperature and 

fusion enthalpy, were analyzed by differential scanning calo-

rimetry (DSC) using a PerkinElmer DSC 8000. Measurements 

were conducted within a temperature range of 0 ℃ -190 ℃ to           

assess the thermal behavior of the samples.

The density of the cross-linked PU samples was determined 

by pycnometry using distilled water as the displacement medium. 

Detailed procedures for measuring the swelling degree and gel 

content measurements are provided in the Supporting Infor-

mation.

The self-healing properties of PU-DA were assessed through 

both qualitative and quantitative methods. A digital microscope 

was used to examine knife-cut cracks. Samples with 0.5 mm 

scratches underwent a heating process at 130°C for 10 minutes 

and then at 130 ℃ for 2 h, followed by a 24 h incubation     

period at 70 ℃. The tensile strength recovery was evaluated     

using a Shimadzu AG-X Plus 50 kN universal testing machine. 

The self-healing efficiency was determined based on the ten-

sile strength recovery in accordance with the ASTM D638 

type 4 standards.

Results and Discussion

A self-healing PU was synthesized through a systematic 

series of steps. The initial phase involved the creation of an 

isocyanate (NCO)-terminated prepolymer, which was achieved 

by reacting PEG with an excess of PDI-t, with DBTDL serving 

as the catalyst; DBTDA was also evaluated as an alternative 

catalyst. Subsequently, the prepolymer was reacted with furfuryl 

amine to yield a furan-terminated PU. The final stage involved 

the crosslinking of the furan-terminated PU with BMI via a DA

reaction, thereby yielding the self-healing PU network identi-

fied as PU-DA. A detailed illustration of the synthesis mech-

anism is provided in Figure 1.

FTIR analysis was conducted to observe the changes in the 

functional groups within the self-healing PU materials caused 

by the DBTDL and DBTDA catalysts, with a particular empha-

sis on the formation of furan and maleimide groups during 

the DA reaction. Figure 2 shows that the FTIR spectra for both 

catalysts exhibited similar patterns. The absence of the 2280 cm-1

peak, which is typically associated with -N=C=O stretching, 

indicates that the isocyanate group from the prepolymer had 

completely reacted with the hydroxyl groups of PEG, leading to 

the formation of urethane groups.24 The peak at 2858 cm-1

was attributed to the CH2 group, while the band at 3334 cm-1

corresponded to the stretching of the hydrogen-bonded ure-

thane N−H.25 The appearance of a new absorption band at 

1710 cm-1 (C=O cycloaddition) confirmed the formation of 

furan-maleimide cross-links, which are characteristic of the 

DA reaction.26,27 The appearance of additional peaks at 1010, 

810, and 736 cm-1 in the FTIR spectrum (Figure S1(a)) pro-

vides evidence for the presence of furan ring structures in PU–

furan (PU-FA).28,29 Following the reaction with BMI, a notice-

able decrease in the intensity of these peaks (Figure S1(b)) 

suggests the involvement of the furan ring in the DA reaction, 

thereby indicating successful cross-linking between PU–furan 

and BMI.30 In addition, there was no considerable difference 

between the DBTDL and DBTDA catalysts in their effective-

ness at activating the furan and maleimide groups for cross-

linking during the production of thermo-reversible PU.

Table 1. Formulation Parameters for the DA PU Synthesis

Codea
Reaction 
temp (℃)

Reaction 
time (min)

PDI-t 
(mol)

PEG 
(mol)

FA
(mol)

BMI 
(mol)

F-1 DL 55 30 4.8 1.6 7 5

F-2 DL 80 30 4.8 1.6 7 5

F-3 DL 55 90 4.8 1.6 7 5

F-4 DA 55 30 4.8 1.6 7 5

F-5 DA 80 30 4.8 1.6 7 5

F-6 DA 55 90 4.8 1.6 7 5

aThe DL code indicates the use of the DBTDL catalyst, whereas the           

DA code represents the use of the DBTDA catalyst.
폴리머, 제49권 제6호, 2025년
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As shown in Figure 3, the 1H NMR spectra confirm the pres-

ence of maleimide functional groups, indicating successful 

crosslinking in the PU-DA structure. The formation of the DA 

adduct is evidenced by characteristic peaks at 2.95–2.96 ppm 

(r), 5.18–5.19 ppm (q), and 6.60–6.61 ppm (p), with the meth-

ylene protons of maleimide observed at 4.00 ppm (u). Despite 

using different catalysts, both PU samples exhibit nearly iden-

tical chemical shift patterns, suggesting comparable chemical 

structures. The 1H NMR analysis was performed after com-

pletion of the DA reaction.

The thermal properties of the PU-DA synthesized with both 

catalysts were assessed using DSC. The findings indicated that 

the melting temperature of the self-healing PU was reduced 

compared to the original the PEG, which had a melting point 

of 65.14 ℃. This suggests that the establishment of DA cross-     

links disrupts the structure of PEG crystals, leading to a reduc-

tion in the number of crystal segments and a subsequent decrease 

in the melting temperature of the original PEG crystals.31 The 

DSC data for the first (ΔH1) and second (ΔH2) heating melting 

enthalpies of the self-healing PU formulations with both cat-

alysts showed a decrease compared to pristine PEG, confirming 

that the PEG segment crystals were disrupted due to the forma-

Figure 1. Reaction pathway for the synthesis of self-healing PUs via the DA reaction.
 Polym. Korea, Vol. 49, No. 6, 2025
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tion of DA cross-links.32 For the DA PU formulation with the 

DBTDL catalyst, the decrease in the melting enthalpy (ΔH) was 

more significant than that observed with the DBTDA catalyst 

(see Table S1), indicating that the formation of DA cross-links 

with the DBTDL catalyst is more pronounced than with the 

DBTDA catalyst. In addition, the cooling DSC curve (Figure 4(b)) 

shows that the exothermic peak of pristine PEG occurs at a 

crystallization temperature lower than that of the self-healing 

PU, reflecting the reduced PEG crystal content. The DSC curves 

for both the first and second heating cycles (Figures 4(a) and 

4(c)) display endothermic peaks near 140 ℃, which corre-        

sponds to the dissociation of the furan and maleimide bonds, 

a characteristic feature of the retro-DA reaction.33

Figure 5 shows that the self-healing PU with both catalysts 

displayed increased density and gel content after healing (PU-

DA2), implying the formation of more DA cross-links. Further-

more, the DBTDL catalyst resulted in a higher gel content than 

DBTDA, indicating a greater degree of DA cross-linking within 

that system. This observation is supported by the DSC measure-

ments of the PEG melting enthalpy (see Table S1), which showed 

a lower value with the DBTDL catalyst, indicating a higher den-

sity of the resulting DA cross-links.

The DSC technique provides key insights into the material 

characteristics that can be altered through thermal processes. 

DSC measurements were performed during the second heating 

cycle of both untreated and 130 ℃-treated samples (for 2 h)     

to assess the thermal reversibility of DA PU synthesized with 

both catalysts. This approach aimed to explore the possibility of 

retro-DA reactions, followed by further heating at 70 ℃ for 24 h     

to enhance DA cross-linking (Figure 6(a)). The resulting DSC 

curves are presented in Figures 6(b) and 6(c), respectively.

Figure 6(b) shows the DSC curves of the PU-DA formula-

tions with both catalysts before thermal treatment (original), 

showing an endothermic peak at 142 ℃, which is associated     

with the melting of the PEG crystal segments in the PU matrix 

formed through the DA reaction. This peak indicates damage to 

Figure 2. FTIR spectra of (a) PU-DA synthesized with different 

catalysts; (b) the corresponding zoomed-in spectra in the 2000–

1550 cm-1, wavenumber range.

Figure 3. 1H NMR spectra of PU-DA using (a) DBTDA; (b) DBTDL 

as catalysts.
폴리머, 제49권 제6호, 2025년
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the DA bond caused by heat treatment in the original self-

healing PU synthesis formula (PU-DA1), observed in sam-

ples F-1 DL PUDA1 and F-3 DL PUDA1 for the DBTDL 

catalyst, as well as in sample codes F-4 DA PUDA1 and F-

6 DA PUDA1 for the DBTDA catalyst. After heat treatment 

at 130 ℃ and cooling at 70 ℃ for 24 h (PU-DA2), DSC     

analysis (Figure 4(c)) revealed the reappearance of the 

endothermic peak at 140 ℃, indicating the retro-DA reaction,     

where the DA bond decomposes into furan and maleimide 

upon heat absorption. Both catalysts exhibit the same behav-

ior as in the PU-DA1 sample, with retro-DA bond formation 

occurring in the DBTDL catalyst (sample codes F-1 DL 

PUDA2 and F-3 DL PUDA2) and in the DBTDA catalyst 

Figure 4. DSC profiles of the original PU-DA samples with DBTDL 

and DBTDA catalysts during (a) the first heating cycle; (b) the cool-

ing cycle; (c) the second heating cycle.

Figure 5. (a) Density; (b) gel content of self-healing PU original 

and healed recovery using DBTDL and DBTDA catalysts.
 Polym. Korea, Vol. 49, No. 6, 2025
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(sample codes F-4 DA PUDA2 and F-6 DA PUDA2). These 

results demonstrate that the DA reaction between furan PU 

and BMI is reversible when processed at 70 ℃, facilitating         

the reformation of DA bonds.

The use of the DBTDL catalyst in the synthesis of DA PU 

results in a higher density of DA cross-links than the DBTDA 

catalyst. This is supported by the observed decrease in PEG 

melting enthalpy in PU-DA2 versus PU-DA1, as measured by 

DSC (see Figure S2). The reduction in melting enthalpy is 

attributed to the formation of cross-links in PU-DA2, which 

restricts the movement of PEG crystal segments.34 The decrease 

in enthalpy signifies the reformation of DA bonds during the 24 h

heating at 70 ℃, confirming the consistent thermal reversibility     

of the synthesized PU-DA samples.

The self-healing property of polymers is a vital attribute, as 

it allows materials to repair themselves, thereby improving 

their longevity and performance in various applications. In this 

study, the self-healing characteristics of PU-DA samples for-

mulated with both catalysts were systematically investigated 

using qualitative and quantitative methods. The qualitative anal-

ysis was performed by observing scratch recovery on PU-DA 

films after thermal treatment at 130 ℃ for 10 minutes, whereas     

the quantitative evaluation involved measuring the extent of 

tensile strength recovery following the healing process. Figure 

7 shows the response of the PU-DA film samples to heating at 

130 ℃. During heating, the scratched surfaces began to close,     

and the separated parts returned to their original positions. 

However, some scratches remained partially open, indicating 

partial healing.35 In contrast, scratches on PU-DA films heated 

at 130 ℃ for 2 hours disappeared completely (Figure 8). Ther-     

mal activation facilitates polymer chain mobility, enabling the 

damaged regions to undergo effective self-repair. Upon subse-

quent cooling to 70 ℃, the reformation of DA linkages are     

reformed, thereby reinstating the cross-linked network struc-

ture.36 Temperature significantly affects chain mobility, where ele-

vated thermal conditions activate the retro-DA reaction, thereby 

enhancing the interfacial diffusion of polymer segments and 

promoting efficient crack closure.

The self-healing capability of PU-DA synthesized with both 

catalysts was quantitatively evaluated by measuring the pre-

cracked samples tensile properties original and healed samples. 

The analysis of the tensile test data focused on comparing the 

impact of each catalyst type, enabling an assessment of their 

respective contributions to the recovery of mechanical strength. 

As shown in Figure 9 and Table S2, the healed specimens ten-

sile strength increased for both catalyst systems compared to the 

unhealed state. PU-DA samples prepared with the DBTDL cat-

alyst exhibited significantly greater tensile strength enhance-

ments than those synthesized with DBTDA. This improvement 

is primarily ascribed to the higher Lewis acidity of DBTDL, its 

enhanced compatibility with the polymer matrix—owing to its 

extended alkyl chains—and its superior catalytic efficiency. 

Figure 6. (a) Sequence shows the thermal treatment protocol applied 

to the PU-DA samples, while the DSC curves during the second 

heating cycle are shown (b) for the original, untreated PU-DA (PU-

DA1) in; (c) for the thermally healed PU-DA (PU-DA2) in. Note: 

PU-DA1 represents the original DA bond, r-PU-DA1 indicates the 

broken DA bond, and PU-DA2 illustrates the re-formed DA bond.
폴리머, 제49권 제6호, 2025년
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These factors collectively facilitate more effective urethane 

cross-linking, resulting in increased chain mobility and improved 

self-healing performance.37,38 This observation is supported by 

gel content data (Figure 9(c)), which reveal that PU-DA sam-

ples containing DBTDL possess a higher degree of crosslinking 

than those synthesized with DBTDA. Moreover, the healing 

efficiencies of both systems exceeded 100%, which is likely

attributable to increased crosslink density during the healing

process, resulting in post-healing tensile strengths surpassing 

those of the original, untreated samples. These findings suggest

that enhanced gel content contributes to improved mechanical 

performance by promoting DA linkage reformation within the 

polymer matrix.39,40 The observed self-healing performance is 

closely related to the diffusion ability of polymer chains within 

Figure 7. Images obtained using a digital microscope show self-healing PU films catalyzed by DBTDL and DBTDA after being scratched 

and subsequently heated at 130 ℃ for 10 minutes. Images (a)~(f) correspond to the initial scratched surfaces of samples F-1 DL, F-2 DL, 

F-3 DL, F-4 DA, F-5 DA, and F-6 DA, respectively. The corresponding healed surfaces are shown in images a1, b1, c1, d1, e1, and f1.

Figure 8. Images captured using a digital microscope of self-healing PU catalyzed by DBTDL and DBTDA after being scratched and subjected 

to a two-step thermal treatment—heating at 130 ℃ for 2 hours followed by holding at 70 ℃ for 24 hours. Images (a)~(f) show the scratched  

surfaces of samples F-1 DL, F-2 DL, F-3 DL, F-4 DA, F-5 DA, and F-6 DA, respectively, while images a1 to f1 illustrate the corresponding 

surfaces after the healing process.
 Polym. Korea, Vol. 49, No. 6, 2025
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the damaged region and the reformation of DA bonds via the 

broken crosslink reversible reaction. 

Conclusions

PUs with self-healing properties, synthesized through the 

DA reaction, were successfully developed using both DBTDL 

and DBTDA catalysts, each following a similar reaction mech-

anism. FTIR analysis showed that both catalysts effectively 

facilitated the formation of urethane and furan-maleimide bonds, 

with no significant differences observed in the chemical reac-

tion. However, DSC analysis revealed that the DBTDL catalyst 

led to a higher degree of DA crosslinking, as indicated by a 

more significant decrease in PEG melting enthalpy and a higher 

gel content. Visual inspection using a digital microscope and 

tensile strength testing provided two complementary approaches 

for evaluating the self-healing ability of the PU in repairing damage 

and restoring mechanical strength. Tensile testing demonstrated 

that both catalysts achieved self-healing efficiencies exceeding 

100%, with DBTDL showing better tensile strength recovery. 

Additionally, DSC results confirmed the thermal reversibility 

of DA bonds via the retro-DA reaction, enabling the bonds to 

reform upon heating. Overall, the study highlights that DBTDL 

is more effective in enhancing DA crosslink formation and 

polymer network recovery, improving the self-healing perfor-

mance of bio-based PUs. The findings underscore the impor-

tance of selecting the right catalyst to optimize the mechanical 

properties and self-healing effectiveness of materials, partic-

ularly in the context of sustainable coating applications.
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