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A B S T R A C T   

This work presents a family of functional adhesives based on covalent adaptable networks (CANs). Low-cost and 
commercially available monomers, including diglycidyl ether of bisphenol A, pentaerythritol tetrakis (3-mer
capto propionate) and dipentaerythritol hexakis (3-mercapto propionate), were cured using a base catalyst to 
produce highly cross-linked materials. The catalyst selection and the study of the curing reaction were performed 
using differential scanning calorimetry (DSC) and Fourier-transform infrared spectroscopy (FTIR). The catalyst 
was chosen for better feasibility of industrial production, characterized by short curing times and relatively low 
temperatures. Thermal stability and thermomechanical properties of the final materials were evaluated through 
thermogravimetry (TGA) and dynamic mechanical thermal analysis (DMTA), respectively, revealing glass 
transition temperatures (Tg) higher than 50 ◦C. Stress relaxation tests were conducted to investigate the vitri
meric behaviour of the polymers, which exhibited an Arrhenius-type dependence of relaxation times on tem
perature. Importantly, both materials demonstrated impressive creep resistance up to 70 ◦C, indicating their 
suitability for use at elevated service temperatures. Tensile and lap-shear tests were also performed, revealing 
high lap-shear strength values (up to 16 MPa) comparable to those of commercial adhesives. Furthermore, these 
vitrimers displayed remarkable properties such as shape memory, shape reconfiguration, and self-welding ca
pabilities, underscoring their excellent potential for a wide range of highly demanding applications in industrial 
production.   

1. Introduction 

Thermosets are widely recognized for their diverse range of appli
cations in various sectors, including coatings [1], automobile 
manufacturing [2], and the optoelectronic industry [3]. However, their 
relevance in the field of adhesion stands out as one of their most sig
nificant contributions [4,5]. With the growing demand for adhesive 
bonding in industrial settings, there is a pressing need for novel adhesive 
materials to serve as viable alternatives to mechanical joints. Extensive 
research has been conducted in recent years to explore different types of 
adhesive materials [6–9]. Typically, these adhesives are based on ther
mosetting polymers known for their excellent mechanical performance. 
However, their crosslinked structure renders them non-recyclable and 
non-reprocessable, leading to significant environmental concerns. To 
address this limitation, the academic and industrial communities have 
directed their attention towards developing covalent adaptable net
works (CANs). These materials combine the desirable mechanical 

properties of thermosets with the reprocessability and recyclability of 
thermoplastics [10]. CANs incorporate dynamic covalent bonds that 
impart mobility to the network, enabling a transition from a viscoelastic 
solid to a fluid-like plastic flow in response to external stimuli, often 
temperature [11]. Several types of CANs are described in the literature, 
with the nature of their dynamic chemistry influencing the final mo
lecular architecture. Among CANs, vitrimers hold particular significance 
[12–18]. These materials exhibit a unique exchange mechanism be
tween dynamic bonds that occurs in a concerted manner, meaning that 
the breakage and the formation of bonds occur simultaneously without 
any intermediate state. This mechanism maintains a constant cross
linking density, resulting in a gradual decrease in viscosity with tem
perature, following an Arrhenius law akin to vitreous silica [19,20]. 
Extensive efforts have been dedicated to the development of vitrimers, 
particularly those based on transesterifications, which were first 
described by Prof. Leibler in 2011 [20–24]. Owing to their exceptional 
properties, vitrimeric materials find applications across various 
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industrial domains. The temperature-dependent viscosity of vitrimers, 
following an Arrhenius-type relationship and the presence of 
exchangeable bonds near the surfaces, enables their welding by forming 
of interfacial crosslinks between polymer interfaces at high tempera
tures. This characteristic makes vitrimers highly promising for future 
adhesive applications in the industrial sector. As the exchangeable links 
are not consumed but rather exchanged during the welding process, a 
joint can be reformed without modifying the surface of vitrimers, simply 
by applying the appropriate stimulus while the two surfaces are in 
contact [25]. Moreover, a joint can be disassembled by raising the 
temperature above the topology freezing temperature (or in some cases 
above Tv and Tg) and pulling the adherents apart without incurring any 
damage or loss of integrity. Although the industrial utilization of vitri
mers is still in its early stages, several examples of adhesive polymers are 
described in the existing literature. Verge et al. prepared a 
cardanol-based polybenzoxazine vitrimer containing disulfide bonds 
[26]. This vitrimer exhibited adhesive properties with short curing 
times, even at low temperatures, and demonstrated the ability to be 
recycled and reconfigured due to its short relaxation times and low 
activation energy. However, despite its reversibility and reprocess
ability, the adhesive properties of the obtained material were weaker 
compared to commercially available options. Sridhar and co-workers 
reported on thermally reversible crosslinked adhesives based on disso
ciative Diels-Alder networks [27]. These adhesives could be repeatedly 
re-used through heating/cooling cycles without using solvents during 
preparation or reutilization. Furthermore, they exhibited versatile 
adhesion and creep resistance. Moreno and co-workers prepared 
lignin-based vitrimers by reacting lignin with poly(ethylene glycol) 
divinyl ether. The resulting materials demonstrated excellent relaxation 
rates facilitated by acetal exchange, leading to high mechanical per
formance [28]. However, these polymers exhibited a lap shear strength 
of 6 MPa, which is relatively low compared to commercial adhesives. 
Nevertheless, the specimens used in the lap shear tests could be easily 
reglued via hot pressing, achieving a lap shear strength of 5.6 MPa, 
highlighting the potential of these materials as recoverable adhesives. 
Our group described a family of recyclable and recoverable adhesives by 
changing proportions of DGEBA as epoxy monomer and glutaric anhy
dride and glycerol as co-curing agents [29]. All materials showed high Tg 
values and could relax the stress at high temperatures thanks to the 
transesterification reaction. Moreover, these epoxy vitrimers showed 
high values of lap-shear strength, and thanks to self-healable and 
viscoelastic properties of vitrimers at high temperatures, they could be 
dismantled and re-bonded again, demonstrating up to 89% of recovery 
concerning the first lap-shear value in one of the materials. However, 
these adhesives required high temperatures and a long time to be fully 
cured, which is a drawback from an industrial and energetical point of 
view. 

The above-mentioned studies on adhesives have often relied on 
expensive and complex starting materials, involved complicated syn
thetic steps, required the use of costly metal catalysts, or had long and 
challenging curing parameters. These factors make them energetically 
unfeasible for industrial applications. 

To address these issues, we present a study focusing on the devel
opment of two different adhesives using affordable and readily available 
diglycidyl ether of bisphenol A (DGEBA), pentaerythritol tetrakis (3- 
mercapto propionate) (S4), and dipentaerythritol hexakis (3-mercapto 
propionate) (S6) (see Scheme 1). We take advantage of the thiol-epoxy 
reaction with a click character that leads to the formation of hydroxyl 
groups that can undergo a further transesterification reaction with the 
esters present in the thiol monomer structure. In this work, we first 
select the appropriate catalyst and evaluate the evolution of the entire 
curing system using differential scanning calorimetry (DSC) and Fourier 
transform infrared spectroscopy (FTIR). The chosen catalyst and curing 
conditions are optimized for their viability in industrial production. The 
thermal stability of the resulting polymers was investigated using ther
mogravimetry (TGA), while their thermomechanical properties, 

vitrimeric behaviour, and creep resistance were characterized by 
dynamic-mechanical-thermal analysis (DMTA). Both materials exhibi
ted stress relaxation at elevated temperatures and demonstrated resis
tance to creep at room temperature, enhancing their adhesive 
performance. Furthermore, tensile and lap-shear tests revealed high 
values of strength, thus highlighting the materials’ promising adhesive 
properties. Additionally, the materials, which are transparent and col
ourless, exhibited shape-memory properties and the ability for perma
nent shape reconfiguration, opening up new possibilities for industrial 
applications. By utilizing cost-effective starting materials and demon
strating favourable properties and performance, these adhesives hold 
significant potential for practical industrial applications. 

2. Experimental part 

2.1. Materials 

Diglycidyl ether of bisphenol A (DGEBA, 181.5 g/eq) was provided 
by Huntsman Corporation and dried in the vacuum for 2h at 80 ◦C. 
Pentaeryithrithol tetrakis (3-mercapto propionate) (S4, 98%, 122.17 g/ 
eq) and dipentaerythrithol hexakis (3-mercapto propionate) (S6, 98%, 
130.5g/eq) were supplied from Bruno Bock Thiochemicals and used as 
received. 1,5-Diazabicyclo[4.3.0]non-5-ene (DBN, 96%) and 1,8-diaza
bicyclo[5.4.0]undec-7-ene (DBU, >96%) were purchased at Alfa Aesar 
and Sodium tetraphenyl borate (NaBPh4, 99%) at Thermo Scientific. 1- 
Methyl imidazole (1MI) and 2-methyl imidazole (2MI) were provided by 
BASF, and base generators of 1MI, DBN, and DBU were synthesized 
accordingly to the literature [30,31]. 

2.2. Preparation of the materials 

When using liquid catalysts, a certain amount of DGEBA was added 
in a vial followed by the stoichiometric proportion of S4 or S6 (molar 
ratio epoxy:SH 1:1). Finally, a 1% mol or 5% mol (to SH) of the catalyst 
was added and vigorously stirred. Then, the prepared formulations were 
poured into rectangular Teflon moulds of 30 × 5 × 1.5 mm3 dimensions 
and cured in a conventional oven at 80 ◦C for 4 h and at 120 ◦C for 2 h in 
the cases of S4 samples and 4 h at 120 ◦C for S6 samples. 

In the case of solid catalysts, a 1% mol (to SH) of the catalyst was 
weighted on a vial followed by adding a certain amount of S4 or S6. 
Then, the mixture was kept at 80 ◦C for 2 h under stirring to dissolve the 
catalyst. Finally, the stoichiometric amount of DGEBA (molar ratio 
epoxy:SH 1:1) was added and vigorously stirred. After that, the sample 
preparation procedure was the same as explained above. 

2.3. Methods 

A differential scanning calorimeter (DSC) Mettler DSC3+ calibrated 
using an indium standard (heat flow calibration) and indium-lead-zinc 

Scheme 1. Monomers used in the preparation of the materials a) DGEBA, b) S4 
and c) S6. 
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standard (temperature calibration) was used to analyze the curing 
evolution. Samples of approximately 5–10 mg were tested in aluminium 
pans with a pierced lid in a nitrogen atmosphere with a 50 mL/min gas 
flow. Dynamic studies were performed in a temperature range of 
30–250 ◦C with a heating rate of 10 ◦C/min for calculating the enthalpy 
(ΔH) released during the curing of the samples, which is obtained by 
integration of the calorimetric signal using a straight baseline, with the 
help of the STARe software. To calculate the glass transition temperature 
(Tg), dynamic studies were done in a temperature range of 0–250 ◦C 
with a heating rate of 20 ◦C/min. 

A Jasco FT/IR-680 Plus spectrometer equipped with an attenuated 
total reflection accessory (ATR) (Gloden Gate, Specac Ltd, Teknokroma) 
was used to record the FTIR spectra of the mixture before and after the 
curing procedure. Real-time spectra were recorded in the wavenumber 
range between 4000 and 600 cm− 1 with a resolution of 4 cm− 1 and 
averaged over 20 scans. The disappearance of the characteristic peak of 
the epoxy group at 915 cm− 1 and the peak of SH groups at 2576 cm− 1 as 
well as the appearance of the peak corresponding to O–H at 3300 cm− 1 

were used to confirm the completion of the reaction. 
The thermal stability of the materials was evaluated using a Mettler 

Toledo TGA 2 thermobalance. Cured samples weighing around 10 mg 
were degraded between 30 and 600 ◦C at a heating rate of 10 ◦C/min 
under an N2 atmosphere with a flow rate of 50 cm3 min− 1. 

The thermomechanical properties were studied using a DMTA Q800 
(TA Instruments) equipped with a film tension clamp. Prismatic rect
angular samples with dimensions of around 30 × 5 × 1.5 mm3 were 
analyzed from 0 to 200 ◦C at 1 Hz, with 0.1% strain at a heating rate of 
2 ◦C/min. Tensile stress-relaxation tests were conducted in the same 
instrument using the film tension clamp on samples with the same di
mensions as previously defined. The samples were first equilibrated at 
the relaxation temperature for 5 min, and a constant strain of 1% was 
applied, measuring the consequent stress level as a function of time. The 
materials were tested only once at one temperature. The relaxation- 
stress σ(t) was normalized by the initial stress σ0, and the relaxation 
times (τ) were determined as the time necessary to relax 0.37σ0, i.e., (σ 
= 1/eσ0). With the relaxation times obtained at each temperature, the 
activation energy values (Ea) were calculated using an Arrhenius-type 
equation: 

ln(τ)= Ea

RT
− ln A  

Where τ is the time needed to attain a given stress-relaxation value 
(0.37σ0), A is the pre-exponential factor, and R is the gas constant. From 
Arrhenius relaxation, the topology freezing temperature (Tv) was ob
tained as the temperature at which the material reaches a viscosity of 
1012 Pa s. Using Maxwell relation and E′ determined from DMTA 
(assuming E′ is relatively invariant in the rubbery state), τ* was deter
mined to be between 104 s and 105 in our systems. The Arrhenius 
relationship was then extrapolated to the corresponding value of τ* to 
determine Tv in each sample. 

Creep and recovery properties were studied by the same DMTA Q800 
apparatus equipped with a film tension clamp. All the samples were 
stretched under a stress of 0.1 MPa at different temperatures for 30 min, 
then the stress was immediately released, and the sample was left to 
recover for 30 min. To determine the viscosity at each temperature 
needed for the representation of the Fragility Angell Plot, a series of 
creep experiments were carried out on films at temperatures between 
100 and 180 ◦C, increasing 10 ◦C in each scan. To perform the tests, the 
selected sample was equilibrated for 3 min at the specific temperature, 
and then a stress level of 0.1 MPa was applied for 30 min. The viscosity η 
(Pa⋅s) was then derived from the slope of the graph strain-temperature 
and represented in front of Tg/T, thus obtaining the Angell Fragility 
Plot. The Tv can also be calculated from this graph assuming a viscosity 
of 1012 Pa s. 

Final materials were tested until the break in tensile mode at room 

temperature using an electromechanical universal testing machine 
(UTM Shimadzu AGS-X) with a 10 kN load cell at 10 mm min-1 and 
using Type V samples with a thickness of 1 mm according to the ASTM 
D638-14 standard [32]. Three samples of each material were analyzed, 
and the results were averaged. 

Aluminium platens 6060 T66 of 100 × 25 mm2 with a thickness of 
1.5 mm were used for lap-shear tests, according to the standard UNE-EN 
ISO 1465:2009 [33] (equivalent to ASTM D1002-10) [34]. The adhesion 
surfaces of the aluminium substrates were prepared following the 
UNE-EN ISO 13887:2004 [35] standard to ensure and durable joint. 
Overlapping regions were polished and degreased with acetone to 
remove any greasy impurities. Mechanical abrasion by sandpaper was 
performed to roughen the bond area. Surfaces were again degreased 
with acetone in order to remove any abrasion residue. The vitrimer 
adhesives were obtained by preparing the formulation in a vial and 
pouring it on the adhesion surface. Then, the upper aluminium sheet was 
placed, maintaining a bondline thickness of 2 mm with the help of 
Teflon spacers, and the joint was cured in the oven. An overlapping 
length of 12.5 mm was used according to UNE-EN ISO 1465:2009 
standard. Tensile lap shear tests of the single-lap joint prepared with the 
different vitrimer adhesives were performed according to UNE-EN ISO 
1465:2009 in the UTM at 1.3 mm min− 1 crosshead speed. To test the 
reversibility of the adhesives after lap shear breakage, the substrates 
were re-united in an oven at 180 ◦C for 1 h applying a determined 
pressure. Furthermore, a manual dismantle was also made to the orig
inal samples at 180 ◦C and re-joint following the previously mentioned 
procedure. Dismantled samples and lap shear broken samples were 
re-tested again using the same conditions to obtain their new lap shear 
strength. 

3. Results and discussion 

3.1. Election of the catalyst 

We prepared several formulations with different catalysts and load
ings to determine the most suitable catalyst for the curing reaction. We 
first chose DBN and DBU as they are not only strong bases for the 
catalysis of the thiol-epoxy reaction but also reported catalysts for the 
further transesterification reaction at high temperatures [36]. Formu
lations of DGEBA, the stoichiometric amount of S4, and a 5% mol (to SH) 
of catalyst were prepared. However, when the latest was added, the 
thiol-epoxy reaction quickly started polymerizing in the same vial (see 
Figure S1a). For this reason, we decided to decrease the loading of the 
catalyst to 1% mol (to SH). Unfortunately, the same happened, which 
hinders the use of these catalysts to prepare these adhesives. Then, 2MI 
was tested because its secondary amine can be covalently bonded in the 
structure of the network, which prevents the evaporation of the catalyst 
at high temperatures during the stress relaxation tests. Nevertheless, 
2MI requires the dissolution of the mixture in dichloromethane and its 
further evaporation, which complicates the whole procedure. To ensure 
the applicability of the vitrimers as adhesives, base generators of DBU 
(1,8-diazabicyclo[5.4.0]undec-7-ene) and DBN (1,5-diazabicyclo[4.3.0] 
non-5-ene), as well as 1MI (1-methylimidazole), were prepared ac
cording to the literature (see Experimental Part). These base generators 
were selected because they possess a high latency of the formulation at 
room temperature, which is essential for the practical use of the vitrimer 
as an adhesive. Interestingly, when exposed to high temperatures, these 
base generators release specific species that activate the curing process 
and facilitate the further exchange reaction. This thermal responsiveness 
allows the vitrimer adhesive to undergo crosslinking and structural 
rearrangement, enhancing its adhesive properties under elevated tem
perature conditions. The 1% mol (to SH) of base generators was 
weighted and homogenized with the thiol, followed by adding DGEBA 
and curing in the oven. As shown in Figure S1b, when BGDBU and 
BGDBN were used after long curing times at high temperatures, mate
rials were not homogenous due to the poor miscibility of these catalysts 
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in the formulations. In the case of BG1MI, homogenous samples could be 
obtained, but they required high temperatures (post-curing at 160 ◦C) to 
be fully cured. Finally, a 5% mol of 1MI was added to the mixture, and 
after the curing process, materials with high transparency were ob
tained, indicating high homogeneity (see Figure S2). The ease of prep
aration was also evident during the experimental procedure. Based on 
these observations, 1MI was selected as the catalyst for the vitrimeric 
system. Its use facilitates the formation of a homogeneous and trans
parent vitrimer while ensuring a soft and straightforward preparation 
process. 

3.2. Study of the curing process 

Once selected 1MI as the curing and the transesterification catalyst, 
the curing procedure should be determined. DSC tests were performed to 
know the reaction’s enthalpy and to identify possible side reactions. As 
seen in Fig. 1a, both formulations showed monomodal curves suggesting 
that no side reactions are taking place as expected by the click character 
of the thiol-epoxy reaction. Moreover, the curing enthalpy (ΔH) was 
between 120 kJ/eq and 130 kJ/eq, as reported previously by our group 
[37]. Considering these results, the curing temperatures and times were 
set up. In the case of DGEBA_S4, the onset of the peak starts at low 
temperatures so 80 ◦C and 4 h was selected as the curing schedule and a 
further post-curing at 120 ◦C during 1 h to ensure the reaction of the 
remaining epoxy groups. 

To check the completion of the reaction, FTIR spectrum of the initial 
mixture and the final material were recorded (Fig. 1b). The disappear
ance of the epoxy band at 910 cm− 1, the vanishment of the band at 2576 
cm− 1 corresponding to the free thiols and the appearance of the char
acteristic hydroxyl band at 3300 cm− 1 confirmed that the thiol-epoxy 
reaction was completed [38]. 

3.3. Thermal characterization of the materials 

To study the thermal stability of both materials as well as to confirm 
that no degradability takes place when thermal tests are performed, 
thermogravimetric analysis (TGA) was used. Fig. 2 shows the TGA 
curves and their derivatives, and Table 1 summarizes the most signifi
cant thermogravimetric data. 

As can be seen, both materials present similar degradation patterns 
and high onset temperatures. DTG curves show two main peaks, which 
can be ascribed to a first β-elimination of the esters present in the 
structure of the thiols followed by a degradation of the remaining 
polymeric matrix [39]. It is worth saying that DGEBA_S6 loses 2% of 
weight at 274.9 ◦C, which is slightly higher than DGEBA_S4 due to the 
higher cross-linking density that provides higher thermal stability. 

Moreover, the char residue at 600 ◦C is bigger when the hexathiol is used 
for the same reason previously mentioned. 

The thermomechanical properties of the final materials were evalu
ated by DMTA analysis. Fig. 3 shows the evolution of the damping ca
pacity (tan δ) and the storage modulus (E’) with the temperature, and 
the data extracted are presented in Table 1. The results demonstrate that 
the DGEBA_S6 formulation exhibits a higher cross-linking density, 
leading to increased material rigidity and higher values of storage 
modulus (E′) in the glassy state. Similarly, the high functionality of the 
hexathiol component contributes to higher values of E′ in the rubbery 
state, reflecting the influence of cross-linking density on material 
stiffness. 

Furthermore, both materials exhibit Ttan δ values (considered as the 
glass transition temperature, Tg) above room temperature. This suggests 
that when used as adhesives, these materials will remain rigid in the 
glassy state at room temperature, ensuring excellent mechanical per
formance. Additionally, the Tg values allow the curing process to be 
conducted at moderate temperatures. Moreover, the low values of the 
full width at half maximum (FWHM) indicate fast transitions and high 
homogeneity in the materials. This is attributed to the click nature of the 
thiol-epoxy reaction, which promotes efficient and uniform curing re
actions, resulting in homogeneous material properties. 

3.4. Study of the vitrimeric behaviour of the materials 

The vitrimeric behaviour of the materials is achieved through the 
transesterification reaction catalyzed by 1MI at elevated temperatures. 
During the curing process, the thiolate species attacks the less hindered 
carbon of the epoxide, forming a thioether and a secondary alcohol. 
Since the thiol hardeners contain ester groups in their structure, the 
exchange reactions can occur through the attack of the secondary 
alcohol on the ester groups of the thiols. This exchange reaction enables 
the materials to exhibit vitrimeric properties. 

To investigate the time and temperature-dependent relaxation of the 
materials and assess their vitrimeric properties, stress relaxation tests 
were performed using dynamic-mechanical-thermal analysis (DMTA) at 
different temperatures. The results are depicted in Fig. 4, and the most 
relevant data are summarized in Table 2. It is evident that both materials 
exhibit favourable vitrimeric properties, but the thiol structure signifi
cantly affects the relaxation capability. Specifically, DGEBA_S4 dem
onstrates complete stress relaxation at 180 ◦C in less than 13 min, 
whereas DGEBA_S6 requires 45 min at the same temperature. This 
discrepancy can be attributed to the lower cross-linking density of 
DGEBA_S4, which provides greater chain mobility and enhances the 
likelihood of transesterification exchange reactions taking place. 

In vitrimers, a characteristic feature is the establishment of a linear 

Fig. 1. a) DSC thermograms corresponding to the dynamic curing at 10 ◦C for DGEBA_S6 (green) and DGEBA_S4 (red) formulations b) FTIR spectra for the initial 
mixture (blue) and the final material (orange) for DGEBA_S4. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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relationship, akin to inorganic silica materials, between viscosity and 
temperature during exchange reactions. This behaviour follows an 
Arrhenius-type dependence [40]. To gain a deeper understanding of the 
vitrimeric behaviour exhibited by these materials, stress relaxation 
times required to achieve 37% of the initial stress (σ/σ0 = 0.37) were 
determined at various temperatures, as shown in Fig. 4a and b. Using the 
Arrhenius equation, the activation energy (Ea) of the transesterification 
reaction and the ln A values for these materials were determined and 
presented in Table 2. 

The obtained data reveal that both materials exhibit very similar 
values of activation energy (Ea). This finding is consistent with other 
transesterification vitrimers reported in the literature [20,21,41]. 

According to the Arrhenius equation, the topology freezing temper
ature (Tv) can be calculated. Tv is defined as the temperature at which 

the material reaches a viscosity of 1012 Pa s and can be considered as the 
approximate temperature at which chemical exchanges occur. Below Tv, 
the interchange mechanisms are almost negligible [20]. In our systems, 
both materials have Tv values higher than their respective Tg values, 
with DGEBA_S4 having a slightly lower Tv, likely due to its higher 
mobility. These Tv values suggest that the vitrimeric exchange is not 
expected to significantly affect the creep resistance of the adhesives at 
service temperatures. Thermomechanical tests were also conducted on 
samples that had undergone prolonged stress relaxation at high tem
peratures (180 ◦C). The resulting tan δ curves showed no notable 
changes, indicating that the topological structure of both materials 
remained unchanged before and after an extended relaxation process. 

Creep tests were conducted in DMTA to investigate the effect of 
temperature on the viscosity of the materials and their vitrimeric 
behaviour. Fig. 5a and b shows the creep tests at different temperatures 
for DGEBA_S4 and DGEBA_S6 materials, respectively. Fig. 5c compares 
the creep behaviour at 150 ◦C. When the materials are subjected to 
constant stress above Tg but below Tv (70 ◦C), the strain is fully recov
ered, indicating that creep is almost negligible for both DGEBA_S4 and 
DGEBA_S6. However, as the temperature exceeds Tv and increases 
further, a notable increase in the slope of the ε-t curve is observed due to 
the decreasing viscosity of the material (inverse of the slope) with 
increasing temperature. Additionally, the occurrence of plastic defor
mation indicates the material’s capability to undergo permanent 
reshaping. The creep behaviour observed in DGEBA_S6 exhibits a similar 
pattern to that of DGEBA_S4. However, there is a slight reduction in 
creep for DGEBA_S6 due to the higher crosslinking density resulting 
from incorporating the hexathiol compound. These findings indicate 
that DGEBA_S6 may serve as a superior adhesive, as it demonstrates the 
ability to maintain its properties across a broader temperature range 
without compromising its performance. The enhanced temperature 
stability of DGEBA_S6 also suggests its potential as a more versatile 
adhesive option. 

The Angell fragility plot represented in Fig. 5d illustrates the vitrimer 
behaviour of both materials. As previously mentioned, upon surpassing 
the Tv, transesterification occurs, resulting in a gradual decrease in 
viscosity with increasing temperature, following an Arrhenius-type 
relationship. By utilizing the Angell fragility plot, it is possible to esti
mate the Tv by assuming a viscosity (η) of 1012 Pa s corresponding to a 
logarithm value of 12. The extracted data from the Angell Fragility plot 
are presented in Table 2, revealing a consistent trend in Tvs comparable 
to that obtained from stress relaxation tests. 

3.5. Mechanical characterization 

The mechanical properties of both materials were evaluated through 
stress-strain tests conducted at room temperature using a universal 
testing machine. The results for stress at break (σbreak), strain at break 

Fig. 2. a) Thermogravimetric curves and b) DTG curves of the vitrimeric materials.  

Table 1 
Thermogravimetric and thermomechanical data for both materials prepared.  

Sample T2%
a 

(◦C) 
Char 
yieldb 

(%) 

E’glassy
c 

(MPa) 
E’rubbery

d 

(MPa) 
Ttanδ

e(◦C) FWHMf 

(◦C) 

DGEBA_S4 266.2 9.0 2870 11.3 54.5 9.0 
DGEBA_S6 274.9 18.1 3290 20.1 74.8 9.5  

a Temperature of 2% of weight loss. 
b Char residue at 600 ◦C. 
c Glassy storage modulus at Tg − 50 ◦C determined by DMTA. 
d Rubbery storage modulus at Tg +50 ◦C determined by DMTA. 
e Temperature at the maximum of tan δ peak at 1 Hz. 
f Full width at the half medium of tan δ peak. 

Fig. 3. Evolution of the storage modulus and tan δ with the temperature of 
both materials prepared. 
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(εbreak), and tensile modulus (E) are collected in Table 3. As expected, 
DGEBA_S6 exhibits higher values of stress at break and tensile modulus 
compared to DGEBA_S4. This enhancement can be attributed to the 
elevated cross-linking density, which imparts greater strength to the 
material networks. Conversely, DGEBA_S4 demonstrates slightly higher 
values of strain at break due to the increased chain mobility, allowing for 
larger deformations. 

3.6. Adhesion and re-adhesion properties 

Adhesion lap-shear tests were conducted on both systems by joining 
aluminium plates following the UNE standard. The objective was to 
examine how the vitrimeric properties affect adhesion through re- 
adhesion tests involving dismantling and post-failure scenarios. In the 
dismantling test, the assembled joints were heated to 180 ◦C for 15 min, 
resulting in easy dismantling due to the occurrence of vitrimeric ex
change reactions at that specific temperature. Subsequently, the frac
tured samples from the initial lap-shear test and the manually 
dismantled samples were re-joined by applying pressure and heating to 
180 ◦C. It is important to note that a systematic investigation to deter
mine the optimal conditions in temperature/time at which the joints can 

be dismantled and re-joined has not been performed. Thus, the tem
peratures (and times) were selected based on previous stress relaxation 
tests. The data obtained from the adhesion and re-adhesion tests are 
presented in Table 4, and the corresponding Force-displacement curves 
are presented in Figures S4-S6. 

As shown in Table 4, the lap-shear values of the original joints are 
comparable to those of commercial adhesives with similar Tg (around 
20 MPa), particularly for DGEBA_S4 [29,42]. However, the re-adhesion 
results after failure and after dismantling are significantly lower, but this 
can be explained by various factors. Upon the failure or dismantling of 
the adhesive joint, if the material distribution between the two plates is 
uneven, re-adhesion becomes challenging due to deficient surface 
preparation (such as roughening or the presence of dirt), resulting in 
suboptimal adhesion (see Figure S7). However, the joints have exhibited 
significant resistance despite this, suggesting potential for improvement 
through optimization and further experimentation in this test. Notably, 
upon examining the Force-displacement curves of the lap-shear tests 
(Figure S4-S6), it is evident that the initial slopes of the virgin, broken, 
and dismantled curves are highly similar. This suggests that the failure 
can be attributed to an experimental flaw in the joining process rather 
than being reflective of the material’s inherent behaviour, as the trends 

Fig. 4. Normalized stress-relaxation plots as a function of time at different temperatures during 45 min for DGEBA_S4 (a) and DGEBA_S6 (b). Normalized stress- 
relaxation behaviour at 160 ◦C and 180 ◦C for both samples (c) and Arrhenius plot of relaxation times against the inverse of temperature for both vitrimeric materials. 

Table 2 
Relaxation times, topology freezing temperature, activation energy and adjusting parameters for the Arrhenius equation, and topology freezing temperature and 
Fragility index from creep tests of both samples prepared.   

Stress relaxation tests Creep tests 

Sample τ0.37
a (min) τ100%

b (min) Ea (kJ mol− 1) ln A (s) Tv (◦C) r2 Tv(η)
c 

(◦C) 
nd 

DGEBA_S4 4.3 12.2 87.0 17.6 89.1 0.988 84.6 8.2 
DGEBA_S6 8.4 45.0 85.1 16.3 103.7 0.986 106.6 9.2  

a Time to reach a value of σ/σ0 = 0.37 at 180 ◦C. 
b Time to reach total relaxation at 180 ◦C. 
c Tv calculated by creep tests at different temperatures. 
d Fragility index (nsilica = 16.5). 
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remain consistent across the different scenarios. 

3.7. Reshaping, shape-memory and self-welding properties 

A set of qualitative tests were conducted to demonstrate the 
reshaping capacity and shape memory properties of the materials, as 
depicted in Fig. 6. 

In the case of vitrimers, where the Tv is significantly above the Tg, the 
material can exhibit shape-memory effect between Tg and Tv [18,21]. 
This means that if a temporary shape is imposed on the material at a 

temperature T within the range of Tg < T < Tv, and the material is rapidly 
cooled down, the original shape can be fully recovered by simply 
heating it above Tg. Conversely, if a shape is fixed at a temperature T >
Tv, it will remain permanent due to the plastic deformation caused by 
the vitrimeric exchange. In Fig. 6a, a series of fixed temporary shapes at 
Tg < T < Tv (AP, BP, CP) are shown, which were successfully recovered by 
heating them above Tg (AR, BR, CR). Additionally, plasticized shapes that 
were bent by annealing at T > Tv for 60 min (B and C) are also illus
trated. This cyclic process can be repeated multiple times due to the 
excellent thermal stability of the samples at these temperatures. It is 
noteworthy that the samples maintain good transparency throughout 
the treatments. Furthermore, Fig. 6b and c demonstrate the potential 
self-welding ability of these vitrimers, as the samples can be effectively 
joined together by heating them at temperatures above Tv (180 ◦C) for 1 
h under sufficient pressure. 

4. Conclusions 

A series of functional adhesives derived from thermosetting poly
mers containing dynamic covalent bonds have been designed and fully 
characterized, offering significant potential for industrial applications. 
The reversible nature of these adhesives allows for reshaping, reproc
essing, and recycling without causing damage to the substrate, thanks to 
the transesterification reaction responsible for their vitrimeric behav
iour. Moreover, the materials are derived from easily accessible, cost- 
effective monomers (DGEBA, S4, and S6) and utilize a catalyst (1MI) 
that enables controlled curing parameters tailored to the specific ma
terials being joined. 

The vitrimeric adhesives exhibit high mechanical strength at room 
temperature, as evidenced by stress-strain tests with values of stress at 
break of 54 MPa and 73 MPa for DGEBA_S4 and DGEBA_S6, respectively. 
Notably, lap-shear tests demonstrate strong adhesion, especially for 
DGEBA_S4, yielding values of 16 MPa that are comparable to those of 

Fig. 5. Creep tests at different temperatures for DGEBA_S4 (a) and DGEBA_S6 (b). c) Comparison of the creep tests for both materials at 150 ◦C and d) Angell Fragility 
plot for both materials. 

Table 3 
Characteristic mechanical parameters obtained from tensile test measurements.  

Sample Young Modulus 
(MPa) 

Absorbed energy 
(kJ/m3) 

σbreak 

(MPa) 
εbreak 

(%) 

DGEBA_S4 2345 ± 328 1119 ± 190 52.2 ±
3.8 

3.9 ±
1.3 

DGEBA_S6 2556 ± 152 896 ± 101 58.3 ±
4.0 

2.8 ±
0.1  

Table 4 
Data extracted from adhesion and adhesion after failure and after dismantling 
tests.   

Virgin adhesion Adhesion after 
failure 

Adhesion after 
dismantling 

Material Fmax (N) σmax 

(MPa) 
Fmax (N) σmax 

(MPa) 
Fmax (N) σmax 

(MPa) 

DGEBA_S4 5022 ±
220 

16.1 ±
0.4 

2017 ±
121 

6.5 ±
0.3 

2825 ±
89 

9.0 ±
0.5 

DGEBA_S6 3142 ±
301 

10.1 ±
0.7 

1745 ±
268 

5.6 ±
0.4 

2606 ±
159 

8.3 ±
0.2  
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other commercial adhesives. 
The vitrimeric properties of the materials were further evaluated 

through stress relaxation tests at elevated temperatures, revealing to
pology freezing temperatures (Tvs) of 89 ◦C for DGEBA_S4 and 104 ◦C for 
DGEBA_S6. These temperatures ensure that the reprocessing of the 
materials does not compromise their mechanical properties. Creep tests 
indicate that both materials maintain mechanical integrity up to 70 ◦C, 
beyond which the exchange mechanisms begin to decrease the mate
rial’s viscosity. Additionally, for DGEBA_S4 adhesive joints, efficient 
dismantling can be achieved at temperatures above 180 ◦C without 
causing damage to the substrates. However, it should be noted that the 
mechanical properties of the joints after failure and dismantling are 
significantly reduced due to the experimental re-adhesion procedure. 

In conclusion, this study demonstrates that the developed materials 
possess not only the potential to be industrially competitive recyclable 
adhesives but also exhibit remarkable shape memory and self-welding 
properties. These findings highlight the significant potential of these 
materials in the industrial sector, showcasing their versatility and 
adaptability for various applications. 
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