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ABSTRACT: Epoxy-dicarboxylic acid vitrimer was prepared by solvent-free reaction of 

diglycidyl ether of bisphenol A (DGEBA) and 1, 4 cyclohexane dicarboxylic acid (CHDA) with 

the addition of monobutyltin oxide (Sn) as catalyst. By tailoring the catalyst content (≥ 5 mol%), 

an effective conversion of functional groups during cure demonstrated the network polymerization 

mechanisms and a sequence of the side reactions. Indeed, the manufactured vitrimers exhibit creep 

and full stress relaxation thanks to catalytic transesterifications. By changing the epoxy:diacid 

ratio, thermo-mechanical properties and mechanical behavior of the epoxy-acid vitrimers can be 

tuned while keeping self-healing ability. At high epoxy excess, both glass transition temperature 

(Tg) and solid-liquid viscoelastic transition temperature (Tv) shift to higher temperature. At vitrimer 

formulation 1:0.6 and 1:0.5 (epoxy:acyl), remarkable improvement of fracture toughness (KIc) is 

observed, indicating the transition from stiff to relatively ductile materials at 1:0.6. This is 

attributed to the altered network structures due to etherification and epoxy homopolymerization. 

The rough fracture surface suggests more energy dissipation during crack propagation in vitrimer 

with high excess epoxy. After healing, welded vitrimers still exhibit good fracture toughness with 

only slight reduction (<10%) in KIc. We believe that these vitrimer formulations are promising as 

matrices in the composite fields. 
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INTRODUCTION 

Thermosetting epoxy resin exhibits remarkable properties including high strength, good thermal 

properties, excellent dimensional stability, and chemical resistance due to their 3D cross-linked 

structure.1 Usages of this type of thermoset covers several applications such as coating, adhesive, 

energy, medical, civil, automotive, and aerospace.2,3 However, conventional epoxies lack of 

reprocessability due to their permanent crosslink. To overcome these drawbacks, the concept of 

thermosets comprised of exchangeable bonds was developed, namely, covalent adaptable 

networks (CANs).4 The dynamic covalent reactions (either associative or dissociative4,5) allow to 

rearrange the network topology of the crosslinked polymer. In 2011, Leibler and co-workers 

introduced transesterification reactions by addition of catalyst in cured epoxy-anhydride and 

epoxy-diacid formulations. The materials were named  “vitrimer”,6 and two main transitions were 

found in these materials: (i)  the glass transition temperature (Tg) and, the freezing topology 

temperature (Tv).
7  The associative bond exchange reaction (BER) used (i.e. transesterification) 

allows vitrimers to relax stress and flow without losing the crosslink density or network 

connectivity.8 Viscosity of material decrease concomitantly with temperature increase, following 

an Arrhenius’ law. These properties lead the material to be reprocessable while keeping similar 

behavior of conventional epoxy thermoset at service temperature (i.e. below Tv).  

In recent years, understanding of vitrimer networks was intensively investigated in several 

aspects. A number of theoretical studies developed models such as a continuum model9, a coarse-

grained mode10 and first-principles mode-coupling theory10,11, aiming to link microstructure 

properties and dynamic network of vitrimers. In the meantime, stress relaxation behavior of 

vitrimer was evaluated using several fitting models including simple Maxwell model and more 

complex ones.4,5 Moreover, numerous monomers and bond exchange reactions (either with or 
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without catalyst) were introduced to manufacture vitrimer matrices such as transesterification6,8,18–

21,10–17, disulfide exchange22,23, imine bond exchange24–26, boronic ester exchange9, 

transamination27,28, olefin metathesis29,30, and silyl ether bond exchanges31.   

Notably, epoxy based vitrimer relying on catalysed transesterification are continuously 

developed due to the versatility of epoxy resin and the reliability of CANs via ester linkages. Many 

studies attempted to tune the glass transition temperature (Tg) of vitrimer formulations. From the 

literature, Tg of the synthesized epoxy-acid and epoxy-anhydride vitrimer has been reported in a 

wide range from -11°C to 187°C. 7,8,32–34,10,14–20 It is well understood that this characteristic 

strongly depends on the network structure which is directly influenced by a number of epoxide 

groups on epoxy resin19 and the chemical structure of hardener.13,17,20 Following these 

observations, some groups used off-stoichiometric ratio of starting materials, in particular, 

carboxyl to epoxy ratio < 1 to alter both thermal and mechanical properties of the vitrimer.19,33,34 

It was demonstrated that excess of epoxy potentially force the formation of rigid non-dynamic 

crosslinked structure made of ether bond via epoxy homopolymerization. Liu and co-workers 

reported that decreasing anhydride curing agent lead to an increase in Young’s modulus of epoxy-

anhydride vitrimer although Tg declined slightly.19 In epoxy-acid vitrimer, Poutrel et al. and Altuna 

et al. investigated the systematical increasing in both Tg and Young’s modulus when acid ratio was 

decreased.33,34 Additionally, the transition of vitrimer to vitrimer-like material was demonstrated 

when ratio of carboxyl to epoxy ratio < 0.75 as previously reported and modelled by Torkelson et 

al., showing full vitrimer characteristic kept up to 60% of exchangeable bonds 35 

Transesterification of epoxy-acid or epoxy-anhydride vitrimer is usually triggered by either 

organic or metallic catalyst such as Zinc acetate (Zn(OAc)2)
6–8,14–19, Triazobicyclodecene 

(TBD)8,20,32,36, and Triphenylphosphine (PPh3)
8. Nevertheless, it is not only the relatively high cost 
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of those catalysts, Zn(OAc)2 and TBD, which limits the scale-up manufacturing, but also, their 

low thermal stability leading to the brownish or yellowish of a reprocessed vitrimer.12,37,38 A 

potential inexpensive and effective catalysts for transesterification with the antioxidant properties 

are tin compounds.39–46 Theoretically, tin exhibits two stable oxidation states including Sn (II) and 

Sn (IV) which can form complexes with alkyl, oxo, and halide ligands. With their free 5d orbital, 

tin compounds act as lewis acid in the catalytic transesterification mechanism.47 It coordinates with 

electron rich atoms and stimulates the exchange reaction. Additionally, organotin catalyst was 

reported as an effective stabilizer for rigid PVC.48–50 Most studies reported the usage of organotin 

catalyst in transesterification of ester and small alcohol molecules or esterification of fatty acids 

and polyol.42,44,51,52 Nevertheless, the potential of using it as catalyst for preparation of the epoxy-

acid vitrimer has been confirmed by Liu and coworker.53 The prepared epoxy-anhydride exhibited 

flow behavior following an Arrhenius behavior which is one of the characteristic of vitrimers. 

However, polymerization mechanisms and mechanical performance of the obtained vitrimer 

remained undefined. 

Here, we present an epoxy based vitrimer crosslinked with a cyclic aliphatic dicarboxylic acid 

catalysed by monobutyltin oxide (Sn). Influence of catalyst concentration as well as off-

stoichiometric epoxy:acid ratio were studied for the evolution of active species during synthesis 

as well as characteristics of the obtained polymer (thermo-mechanical properties and viscoelastic 

behavior). Additionally, mechanical performances (i.e., tensile, flexural and fracture toughness 

properties) of epoxy - dicarboxylic acid vitrimer were studied. Finally, healing ability of this 

system is observed and quantified by single edge notched bending test. 
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EXPERIMENTAL SECTION 

Materials. Commercial epoxy resin used in this study is a diglycidyl ether of bisphenol A 

(DGEBA) containing reactive diluent (Araldite LY564, epoxy equivalent weight of 168-175 g eq-

1), purchased from Mouldlife, UK. Cis and trans mixture of 1, 4 cyclohexane dicarboxylic acid 

(CHDA, molecular weight of 172.18 g mol-1) and monobutyltin oxide (Sn, molecular weight of 

208.8 g mol-1) were supplied by Tokyo Chemical Industry UK Ltd. 1, 2, 4 trichlorobenzence (TCB) 

was provided by Sigma-Aldrich. The cycloaliphatic amine (Aradur 2954) was used as curing agent 

for preparing the reference epoxy, supplied by Mouldlife, UK. All chemicals were used as received 

and their chemical structure are shown in Table 1. 

Table 1 Chemical compounds used in this study 

aepoxy equivalent weight (g eq-1), bMolecular weight (g mol-1) 

Manufacture of epoxy vitrimer. All vitrimers were prepared through one-pot synthesis. To 

study the effect of catalyst content, the mixture with molar equivalent (meq) ratio of 1:1 epoxide 

Chemical compound Chemical structure 

EEWa  or 

MWb 

(g/mol) 

 

Acronym 

Diglycidyl ether of bisphenol A 

with reactive diluent 

 

168 – 175a DE 

Cis and trans 1,4 cyclohexane 

dicarboxylic acid 
 

172.18b CHDA 

Monobutyltin oxide 
 

208.8b Sn 

2,2'-dimethyl-4,4'methylenebis 

(cyclohexylamine)  
238.4b  
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group to carboxylate group was prepared and the Sn catalyst content was varied from 0 to 10% 

meq relative to the epoxide groups. The off-stoichiometric study of epoxy/CHDA vitrimer was 

carried out with decreasing the meq ratio of CHDA to 1:0.90, 1:0.75, 1:0.60 and 1:0.50, fixing the 

Sn amount to 5% meq. Table 2 shows all samples name with chemical composition made in this 

study. Monomers and catalyst were mixed in a beaker using an overhead mixer for 24 hours at 

50˚C. Then, the mixture was degassed to remove bubbles at 50˚C in vacuum oven for an hour. The 

uncured vitrimer solution was then cast in a metal mould and degassed again at 90˚C for 3 hours. 

Finally, the material was cured at 145˚C for 8 hours and post-cured at 160˚C for 12 hours.  

Table 2 Composition and sample name of vitrimer formulations. 

Sample name 

Component 

Epoxy: COOH 

(molar equivalent ratio, meq) 

Sn 

(%meq to epoxide group) 

CHDA100_Sn0 1:1 0 

CHDA100_Sn1 1:1 1 

CHDA100_Sn5 1:1 5 

CHDA100_Sn10 1:1 10 

CHDA90_Sn5 1:0.90 5 

CHDA75_Sn5 1:0.75 5 

CHDA60_Sn5 1:0.60 5 

CHDA50_Sn5 1:0.50 5 

 

IR monitoring of the curing process. Attenuated total reflection Fourier-transform infrared 

spectroscopy (ATR-FTIR) was carried out on Bruker INVENIO® to analyse the vitrimers and to 

monitor the polymerization reactions during cure. To monitor the curing reaction, the liquid sample 

was dropped on an ATR-golden gate accessary set at 145°C. Spectra were collected between the 

wavenumber of 4000 to 400 cm-1 for 8 hours. Resolution and number of scans was set at 4 cm-1 

and 8 accumulations.  
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Swelling tests. To confirm the network cross-linking, samples with dimension of 5 × 5 × 5 mm3 

were immersed in TCB at 150˚C until equilibrium (3 days). For soluble fractions, swollen samples 

were dried in vacuum oven at 160 ˚C until solvent was fully removed. Swelling ratio and soluble 

fraction were calculated regarding to equation S1 and S2. 

Dynamic mechanical analysis (DMA), creep test and stress relaxation experiment. Both 

thermo-mechanical properties and viscoelastic properties were investigated using a Q800 from TA 

instrument (USA). For DMA, rectangular samples with dimension of 10 × 35 × 4.5 mm3 were 

tested from 0˚C to 200˚C with a heating rate of 3˚C/min and frequency of 1 Hz using a single 

cantilever clamp. The glass transition temperature (Tg) was indicated from the tan delta peak. Creep 

tests were also investigated on the same size specimens and same clamp geometry to DMA 

specimens. The samples were first stabilized above Tg before being deformed at a constant stress 

of 0.05 MPa (for 1:1 vitrimer formulations with different Sn content) or 0.1 MPa (for all vitrimers 

formulations with 5%meq catalyst). Stress relaxation experiments were carried out using shear 

sandwich geometry with samples cut into squares (10 mm × 10 mm × 5 mm). The relaxation 

modulus (G) was measured over time with a constant applied strain of 1 %, and values of G were 

monitored from 160˚C to 260 ˚C every 20˚C.  

Mechanical performances. Tensile tests were performed following ASTM D638 type I 

dumbbell specimen54 on an Instron 5956 with crosshead speed of 5 mm.min-1 (or strain rate of 

0.00013 s-1). Displacements were recorded with an extensometer MTS 634. To obtain standard 

deviation, five specimens were measured for each formulation.  

Flexural tests were conducted according to ASTM D790 with rectangular specimens (12.6 mm 

× 165 mm × 4 mm). Three-point bending configuration with a span of 64 mm was set up on an 
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Instron 5956. Testing was performed at crosshead speed of 1.7 mm.min-1 (or strain rate of 0.00017 

s-1).  

Fracture toughness was measured using single edge notched bending (SENB) according to 

ASTM D5045.55 Rectangular specimens of 18 mm × 85 mm × 5 mm were V-notched using a 

milling machine. The razor blade was inserted to create natural crack as shown in Figure S1. Three-

point bending configuration was set up on Instron 5956 with a constant displacement of 0.5 

mm.min-1. Fracture toughness (KIc) and fracture energy (GIc) were calculated following equations 

S3 and S4. 

Fractography. Fracture surface (from SENB samples) testing was observed by scanning 

electron microscopy (SEM, TESCAN MIRA3) with a 3 nm AU/Pd (80/20) coating.  

Healing experiment. Fractured samples from SENB tests were healed using hot press at 200°C 

(CHDA100_Sn5, CHDA90_Sn5 and CHDA75_Sn5 samples) or 240°C (CHDA60_Sn5 and 

CHDA50_Sn5 samples) with an applied pressure of 10 bar for 90 min.
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RESULTS AND DISCUSSION 

Synthesis and network structure of epoxy-CHDA vitrimer. IR spectra of samples before and 

after curing are presented in Figure 1. The uncured spectrum reveals the main characteristic peaks 

of both components (epoxy resin and dicarboxylic acid). The epoxide ring of epoxy resin is 

observed at 913 cm-1 while the complex absorption pattern between 1100 – 1200 cm-1 represents 

the C-O vibration of the mixture. For CHDA, the carbonyl groups signatures are identified at 1705 

cm-1 and 1735 cm-1.56 These two wavenumbers are respectively assigned to dimeric and 

monomeric structure of dicarboxylic acid in the mixture.56 The broad peak of O-H stretching at 

3200 – 2500cm-1, overlaying with signal of C-H stretching is characteristic of the OH functional 

groups from the CHDA compound.  FTIR spectrums of raw materials are presented in Figure S2. 

After curing, the signatures of the epoxide ring and carboxylic acid have completely disappeared, 

indicating full consumption of reactive groups. The vibration band characteristic of ester bonds at 

1730 cm-1 is noticeable in the IR spectrum of the cured sample (Figure 1). The broad peak of 

hydroxyl groups from ester chains is also observed between 3200 cm-1 - 3600 cm-1.  

 

Figure 1 FTIR spectra of CHDA100_Sn5 before (uncured liquid sample, black curve) and after 

curing (cured solid sample, red curve). 

From these FTIR spectra, the reactions during vitrimer synthesis are proposed in scheme 1. The 

polyaddition of epoxy resin and dicarboxylic acid is first considered as presented in Scheme 1a. 
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This reaction is commonly mentioned as the initial reaction of diacid-diepoxy with catalyst.57–59 It 

results in the formation of β-hydroxyl ester characteristic of vitrimer prototypes.6 Thus, the signal 

of ester bond (COOR) at 1730 cm-1 and hydroxyl group (OH) 3200 cm-1 ̶ 3600 cm-1 are found in 

the spectrum of cured sample. Nonetheless, a single polyaddition reaction leads to the formation 

of long linear polymeric chains not crosslinked together, not allowing to obtain a gel. A number 

of side reactions have to be considered to obtain a 3D crosslinked network. The secondary 

hydroxyl group (OH) obtained from the epoxy-CHDA addition reaction is likely to react via 

condensation-esterification59 or etherification59 (Scheme 1b and 1c).  Moreover, epoxy 

homopolymerization under catalytic ring-opening polymerization (ROP) is also considered when 

epoxy groups are present in excess under acidic condition as present in Scheme 1d.60,61 

Additionally, transesterification reactions (triggered by the catalyst, Scheme 1e) is also responsible 

for the formation of network and diglycol unit during polymerization.34  In order to monitor those 

reactions, in-situ FTIR is able to reveal the ester formation due to polyaddition and condensation-

esterification. However, it would be a challenge to distinguish the etherification because of the 

complex FTIR band. 
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Scheme 1 Reactions in vitrimer synthesis:(a) acid-epoxy addition reaction, (b) condensation-

esterification of acid and hydroxyl group, (c) ring-opening of epoxide (ROP) via hydroxyl group, 

(d) catalytic ROP of diepoxy (homopolymerization), (e) transesterification of secondary hydroxyl 

group and ester linkages.34,59,61 

Curing kinetics – IR analysis of catalyst content influence on network formation. Figure 2 

shows the IR spectrums during cure of the CHDA100_Sn5 sample at 0 min, 30 min and 120 min. 

To study species evolution over time, the area of four characteristic signatures are labelled in 

Figure 2. This include the C=O stretching of ester (COOR) at 1730 cm-1, C=O stretching of diacid 

(COOH) at 1705 cm-1, C ̶ O stretching of epoxide ring (Epoxy) at 913 cm-1 and C ̶ O stretching of 

aliphatic ether (COC) at 1150-1120 cm-1; evaluation of those are described in the supporting 

information. The C=C stretching signature of aromatic ring at 1500 cm-1 was chosen as an internal 

reference to calculate the normalized relative peak area. Notation of those signatures are resumed 

in Table 3. 
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Figure 2 FTIR spectrum of CHDA100_Sn5 during cure at 145°C after 0 min (black curve), 30 min 

(red curve), and 120 min (blue curve). (a) C=O stretching of carboxylic acid  (COOH), (b) C=O 

stretching of ester (COOR) (c) C=C stretching of aromatic ring used as an internal reference (d) 

C ̶ O stretching of alkyl ether (COC), (e) C ̶ O asymmetric stretching of epoxide ring. FTIR 

spectrum until 480 min is presented in Figure S5. 

Table 3 Labels of chemicals moieties investigated. 

Species Wavelength (cm-1) Label 

C=O stretching of carboxylic acid 1730 COOH 

C=O stretching of ester 1705 COOR 

C ̶ O stretching of alkyl ether 1150-1120 COC 

C ̶ O asymmetric stretching of epoxide ring 913 Epoxy(ies/ide) (ring) 

 

The effect of catalyst content (0 to 10% meq) on the evolution of those four species are illustrated 

in Figure 3. As presented in Figure 3a and 3b, the relative signatures of COOH and epoxide groups 

decrease with time due to the consumption of these species (i.e. via polyaddition). On the other 

hand, the signatures of COOR and COC arise with the formation of polyester and polyether chains 

as shown in Figure 3c and d. The addition of organotin catalyst especially at 5% and 10% promotes 

the reactions mentioned in Scheme 1 as the conversion of all species is accelerated, compared to 
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the one without the catalyst. At 1% loading, the catalyst does not seem to accelerate significantly 

the reactions. In principle, it is possible that Lewis acid catalysts, such as monobutyltin oxide, also 

promotes the formation of ether bond rather than the ester bond when hydroxyl groups are 

presented.62 However, the rate of CHDA consumption is faster than the one of epoxides at 5% and 

10% catalyst loading (Figure 3a and 3b). For example, at 10% catalyst loading, the epoxide 

signature takes ~80 min to reach a plateau while it takes only 30 min for the COOH ones. This 

suggests that the reaction is initially dominated by both epoxy-acid polyaddition and condensation-

esterification (Scheme 1a and 1b respectively). Then, the excess of epoxy groups undergoes 

etherification via hydroxyl group and homopolymerization (Scheme 1c and 1d). At the end of 

curing, the signal of ester (COOH) is at similar level for any catalyst content, whilst ether bond 

signature is found to be significantly higher when 10% of catalyst was used. This suggest that 5% 

of organotin catalyst is not only sufficient to accelerate the reaction in the vitrimer synthesis but 

also limiting the number of secondary reactions (such as Scheme 1c, consuming free hydroxyl 

groups) leading to the formation of irreversible ether bonds. Therefore, in order to obtain a vitrimer 

network with a reasonable amount of free hydroxyl groups, required for the transesterification to 

happen, the catalyst content was set to 5% for the rest of the study. 
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Figure 3 Influence of catalyst content on evolution of species during curing stage (a) C=O 

stretching of carboxylic acid, COOH, (b) C-O stretching of epoxide ring, (c) C=O stretching of 

ester, COOR, (d) C ̶ O stretching of alkyl ether, COC.  

Cure kinetics – IR analysis of CHDA content. Influence of epoxy:CHDA ratio on chemical 

species evolution are presented in Figure 4. In Figure 4a, COOH species decline with similar rate 

in all samples, but reach a plateau at different time due to the difference in initial quantity at t = 0 

min. It is worth mentioned that once all acid is consumed, a slight increase of acid can be seen due 

to an artefact of the deconvolution process on the carbonyl signal (C=O) of carboxylic acid and 

ester as described in ESI. However, it does not interfere the overview trend of acid consumption. 

Unlike CHDA, the epoxide groups signature of all samples decreases at the same rate during cure 

as shown in Figure 4b. In term of bond formation, the ester signatures (COOR) of samples with 

ratio 1:1 and 1:0.9 increase linearly before slowing down toward a plateau. However, that trend 

changes for samples with high epoxy excess (CHDA75_Sn5, CHDA60_Sn5 and CHDA50_Sn5). 
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A stepwise increasing of ester species (COOR) was observed in these samples as shown in Figure 

4c. For CHDA75_Sn5, COOR signature increases and reaches a first plateau after 65 minutes. 

Similarly, plateau is reached at 45 min for CHDA60_Sn5 and at 25 min for CHDA50_Sn5. This 

suggests that the formation of ester linkages was slowed down. It is potentially due to the 

concurrence with either etherification or homopolymerization (COC signature of aliphatic ether 

linearly increase when COOR signature reached first plateau, Figure 4d) once most of the acids 

have been consumed (~90%). It was previously reported that epoxy homopolymerization happens 

after polyaddition in epoxy-acid vitrimers comprised of long polymer chains34. Here our results 

suggest that for a formulation with cyclic hardener (CHDA) catalyzed by Sn compound, the 

etherification happens at the same time as polyaddition 

 

Figure 4 Influence of CHDA content on evolution of species during curing stage (a) C=O 

stretching of carboxylic acid, COOH, (b) C-O stretching of epoxide ring, (c) C=O stretching of 

ester, COOR, (d) C-O stretching of alkyl ether, COC.  
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Swelling and soluble fraction. The influence of catalyst content on swelling behavior is 

presented in Figure 5a. All prepared samples were well swollen with a ratio of ~80-90%, 

confirming crosslinking of the network.  Without monobutyltin oxide, the network structure is able 

to be formed because dicarboxylic compound function as catalyst63, promoting all reactions in 

Scheme 1 except transesterification. When 1 % tin catalyst was added, kinetic of reaction is similar 

to the one without catalysts (as discussed in our FTIR results) but transesterification took place 

during cure of CHDA100_Sn1. It is potentially resulted in the formation of di-, tri- and tetraglycol 

(Scheme 1e), leading to a network more crosslinked with exchangeable bonds (ester linkage with 

pendant hydroxyl functions). Hence, CHDA100_Sn1 still exhibit a low soluble fraction (9%) but 

it shows the highest swelling ratio (~90%). At higher catalyst loading (5 ̶10 %), the etherification 

leads to a tighter crosslinked network, therefore, both the soluble fraction and swelling ratio are 

decreased (~5% and ~85% respectively.) 

The effect of epoxy:CHDA ratio on swelling behavior of vitrimers is presented in Figure 5b. The 

swelling ratio of vitrimer CHDA100_Sn5, CHDA90_Sn5 and CHDA75_Sn5 are comparable at 

~80-90%.  It then drops to 58% and 48% for CHDA60_Sn5 and CHDA50_Sn5, respectively. This 

further confirms a higher crosslink density of these off-stoichiometric vitrimer resulting from the 

presence of ether bonds in these formulations with epoxy excess. 
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Figure 5 Swelling ratio and sol fraction of epoxy-CHDA vitrimer 

Dynamic mechanical analysis (DMA). The effect of catalyst content on storage modulus (E’) 

and loss factor (tan δ) are shown in Figure 6. E’ of all samples, in the glassy state, are very similar 

until the transition state (Figure 6a). Without catalyst, the first step transition is observed at ~50˚C. 

It suggests an inhomogeneous network of CHDA100_Sn0 due to long curing time and low 

miscibility of the products, not observable through optical microscopy.   With catalyst addition, 

that transition vanishes, suggesting the obtention of a more homogenous network due to a full cure 

either by esterification or etherification. The onset of α-transition is shifted to higher temperature 

when 5% and 10% organotin catalyst was added but values remain close to the one with 1% 

catalyst loading concurring with soluble fraction results presented earlier (5 and 10% presents 

lower soluble fraction indicating a higher crosslink density).   At the rubbery region, vitrimer with 
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10% catalyst show lower value of E’ at rubbery region compared to the 5% one, this explained 

with the help of tan δ analysis. From tan δ data (Figure 6b), the glass transition temperature of 

samples (Tg) were evaluated and are summarized in Table 4. Tg of all formulations are in the range 

of 85 - 90˚C. At 140˚C of tan δ data of CHDA100_Sn10, mobility of another network type was 

observed, indicating the heterogeneity in the network. It is possibly due to the microphase 

separation of product from etherification which is a non-dynamic covalent network. In addition, 

these separation phases with catalyst pockets playing the role of a plasticizer inside the matrix 

might explain the drop of E’ in the rubbery region of Sn10 sample compared to the Sn5 one. The 

catalyst concentration, therefore, do not affect the chemical structure of the polymer but does 

determine its structure at the microscale (obtention of homogeneous or inhomogeneous polymer). 

Additionally, this organotin catalyst exhibit a good stability at high temperature up to 200°C. To 

concisely compare the thermal stability of catalyst, an epoxy vitrimer with triazabicyclodecene 

(TBD), a well-known organic catalyst in vitrimer synthesis 8,20,36,64, was manufactured and tested 

via DMA. As shown in Figure S9, the vitrimer using TBD as catalyst turned brown due to the 

oxidation and decomposition of the catalyst after DMA testing while the vitrimer with Sn just 

became pale yellow. This suggests that the Sn catalyst is more suitable for vitrimer based on 

transesterification with high working temperature (> 190°C), especially for their recycling and 

reprocessing.  
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Figure 6 Plot of storage modulus E' (a) and Tan delta (b) versus temperature for samples with 

various catalyst loading.  

Influence of epoxy:CHDA ratio on both E’ and tan delta is illustrated in Figure 7. E’ at glassy 

state are slightly varied but they remained stable until the α-transition. Samples with epoxy:acid 

ratio 1:60 and 1:0.50 obviously shift the onset of the transition to higher temperature. Additionally, 

E’ at rubbery plateau of those vitrimers significantly increases compared to the stoichiometric 

vitrimer as summarized in Table 5. E’ at rubbery state of CHDA60_Sn5 and CHDA50_Sn5 is 

respectively ~2.7 and ~3.7 times higher than that of CHDA100_Sn5. This result confirms that both 

CHDA60_Sn5 and CHDA50_Sn5 have a higher crosslink density than CHDA100_Sn5 due to 

etherification of epoxides groups with themselves or hydroxyl groups. 
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Tg of the off stoichiometric vitrimers was obtained from temperature at the peak of tan δ plot in 

Figure 7b and reported in Table 5. Tg gradually increase from 90˚C to 99˚C when CHDA ratio 

declines from 1.0 to 0.75. By further reduction of acid ratio, there is a remarkable shift on Tg of 

the vitrimer with high epoxy excess. Tg of CHDA60_Sn5 and CHDA50_Sn5 were measured at 

121˚C and 131˚C, respectively. The effect of the epoxy excess in off-stoichiometric formulation 

is further seen when analyzing the damping curves in Figure 7b. For sample CHDA100_Sn5, the 

peak is fairly symmetrical. When shifting to lower acid content (90 and 75), the possible 

microphase of homopolymerized epoxy within the ester network show a progressive apparition of 

a shoulder on tan delta peak. Moving toward CHDA60_Sn5 and CHDA50_Sn5, a clear separation 

of these board peaks is visible due to the duality of the network rich in ester and ether phases. This 

observation agrees with the peak observed around 140°C for the case of the high catalyst content 

(10 %) which heterogeneous network was discussed on Figure 6b. Moreover, peak height of tan δ 

declines for vitrimer with less CHDA ratio. This further confirms that the high excess of epoxy 

function leads to their addition onto β-hydroxyl groups, and their homopolymerization as depicted 

in Scheme 1c and 1d. These two reactions bring a tighter and stiffer crosslink network with lower 

damping properties that correlates with previous swelling and solubility tests. 
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Figure 7 The plot of storage modulus E' (a) and Tan δ (b) versus temperature for sample with 

different CHDA content 

Creep and Stress relaxation. Both creep and stress relaxation of vitrimers were asserted below 

decomposition temperature (Td) taken at 5% weight loss (TGA, Figure S10). Figure 8a shows creep 

of samples containing various amount of organotin catalyst at 200°C. Samples without catalyst 

and with 1% catalyst loading show a relatively small creep (< 0.2%) compared to the vitrimer 

containing 5–10% catalyst (> 0.8%).  In addition, creep behavior of CHDA100_Sn5 and 

CHDA100_Sn10 show a typical temperature dependence of vitrimers, as presented in Figure S11, 

suggesting that a sufficient amount of catalyst (≥ 5% meq) is necessary to produce the dynamic 

network.  
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Figure 8b illustrates the normalized relaxation modulus (Gt/G0) at 200°C over time for samples 

with different catalyst loading. The non-normalized data also presented in Figure S13. All samples 

demonstrate relaxation over time. The permanent crosslinked polymer (0% catalyst) can relax 

partially the stress due to dangling chains and oligomers but not reach full stress relaxation. In this 

study, although we did not examine CHDA100_Sn0 until it reaches a plateau, it is clear that the 

addition of catalyst accelerates the stress relaxation of this network.  It is also interesting to note 

that stretched exponential function give a better fitting with the data from CHDA100_Sn0, 

indicating distribution of relaxation rate.4,65 On the other hand, the generalized Maxwell model 

with two-phase exponential fits well  (R2 = 0.99) the stress relaxation behavior of all prepared 

vitrimers, suggesting multimode relaxation64. The curve fitting and fitting parameter are shown in 

Figure S14 and S15. From these data, the energy activation (Ea) were calculated regarding to 

Arrhenius’s law while the viscoelastic solid-liquid transition temperature (Tv) were obtained at 

temperature corresponding to the relaxation time at 106 s as described in ESI. 

In Figure 8b, the relaxation time (τ*) of vitrimer concomitantly decreases with higher catalyst 

loading. At 200°C, τ* of CHDA100_Sn1, CHDA100_Sn5 and CHDA100_Sn10 are observed at 

5375 s, 1334 s, and 880 s, respectively. According to the Arrhenius’s law, we found that the 

catalyst content has less influence on Ea (~90-100 kJ mol-1). However, a significant impact on Tv  

is observed, which decreases from 110°C to 100°C with higher catalyst content (Figure 8c) as 

reported by Capelot et al..16  To summarize, the concentration of catalyst does not influence the 

energy barrier for exchange reaction but it decrease Tv of these dynamic polymers.  
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Figure 8 Creep behavior and stress relaxation curves of epoxy-CHDA vitrimers: (a) influence of 

catalyst content on creep behavior at 200°C with 0.05 MPa applied stress, (b) influence of catalyst 

loading on the normalized relaxation modulus at 200°C with 1% applied strain, (c) plot of 

relaxation time in log scale for evaluating Tv (intersection with top axis) of vitrimers at different 

catalyst loading, (d) influence of epoxy:CHDA ratio on creep behavior at 220°C with 0.1MPa 

applied stress, (e) influence of epoxy:CHDA ratio on the normalized relaxation modulus at 220° 

C with 1% applied strain, (f) plot of relaxation time (log scale) to evaluate Tv of vitrimers 

comprised of different ratio. 

Table 4 Influence of Sn catalyst content on thermal, dynamic mechanical and viscoelastic 

properties of epoxy-CHDA vitrimer.  
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a Glass transition temperature (Tg) at tan σ peak. b Storage modulus (E’) at rubbery stage (Tg+30 

K). c Relaxation time (τ*) when Gt/G0 = 0.37 at 200˚C. d Viscoelastic solid-liquid transition 

temperature (Tv) at τ* = 106 s. e Activated energy (Ea) from stress relaxation. 

Table 5 Influence of CHDA ratio on thermal, dynamic mechanical and viscoelastic properties of 

epoxy-CHDA vitrimer. 

a Glass transition temperature (Tg) at tan σ peak. b Storage modulus (E’) at rubbery stage (Tg+30 

K). c Relaxation time (τ*) when Gt/G0 = 0.37 at 220˚C. d Viscoelastic solid-liquid transition 

temperature (Tv) at τ* = 106 s. e Activated energy (Ea) from stress relaxation. 

Influence of epoxy:CHDA ratio on creep and stress relaxation is shown in Figure 8d–f. In Figure 

8d, CHDA100_Sn5 and CHDA90_Sn5 show similar creep behavior with maximum strain of 

~4.5% strain at 220°C. The creep behavior tends to be inhibited with lower CHDA ratio especially 

for CHDA60Sn5 and CHDA50_Sn5 (up to 1% and 0.5% creep respectively), a result already 

observed several times in the vitrimer literature, where the implementation of unexchangeable 

Sample Tg  (˚C)a E’ (MPa)b τ* (s)c Tv (˚C)d Ea  (kJ mol-1)e 

CHDA100_Sn0 85.0 ± 2.3 3.4 ± 0.9 - - - 

CHDA100_Sn1 84.1 ± 1.5 3.1 ± 0.9 5375 111 89 

CHDA100_Sn5 90.0 ± 0.4 8.1 ± 1.9 1334 100 98 

CHDA100_Sn10 86.5 ± 1.6 6.8 ± 0.3 880 97 99 

Sample Tg  (˚C)a E’ (MPa)b τ* (s)c Tv (˚C)d Ea (kJ mol-1)e 

CHDA100_Sn5 90.0 ± 0.4 8.1 ± 1.9 401 100 98 

CHDA90_Sn5 95.3 ± 1,6 9.0 ± 1.0 400 95 92 

CHDA75_Sn5 98.5 ± 1.8 10.9 ± 1.8 890 102 90 

CHDA60_Sn5 121.3 ± 0.3 21.8 ± 0.5 5335 140 110 

CHDA50_Sn5 131.1 ± 0.8 29.8 ± 0.3 16275 170 136 
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bonds improve creep resistance.34,35 Figure 8e shows the stress relaxation behavior of 

stoichiometric and off-stoichiometric vitrimer at 220°C. The vitrimers comprised of 1:1 to 1:0.75 

epoxy:acid ratio revealed similar relaxation behavior. For system with high epoxy excess, 

CHDA60_Sn5 and CHDA50_Sn5, the relaxation of modulus is delayed. In Figure 8e, τ* of 

CHDA50_Sn5 is 16,275 s which is ~40 times higher than CHDA90Sn5 and CHDA100Sn5 (τ* 

~400 s and ~401 s, respectively). These viscoelastic behaviors are in agreement with the theoretical 

study of off-stoichiometric vitrimer.9 We also found that generalized Maxwell model with 3-phase 

exponential show a better fitting curve with the experiment data of CHDA60_Sn5 and 

CHDA50_Sn5 (Figure S16), suggesting more complex relaxation behaviors in these crosslinked 

structures (i.e. combination of relaxations by Rouse reptation, transesterification and other 

relaxation modes).66,67 Thus, Ea of vitrimer with high excess epoxy (CHDA60_Sn5 and 

CHDA50_Sn5) would be referred to overall energies for both exchange reaction and relaxation of 

macroscopic structure.  

Table 5 summarizes Tv and Ea of the off-stoichiometric vitrimers from plots and calculations. 

Both Ea and Tv are significantly risen by reducing the amount of diacid ratio to 0.60 and 0.50. Ea 

of CHDA50_Sn5 increases to 136 kJ mol-1 while Tv shifts to 170°C. From recent literatures, Ea of 

vitrimers based on transesterification are evaluated in the range of 90 ̶ 130 kJ mol-1.6,8,11,13,14,17 

Type of catalyst and network structure are found as the main parameters on this energy activation. 

For CHDA60_Sn5 and CHDA50_Sn5, the epoxy groups in excess promote the etherification, 

which becomes dominant in the branching to obtain a network. These non-dynamic ether linkages 

may form microphases in the crosslinked structure, obstructing the movement of active bonds for 

transesterification as indicated by additional relaxation modes seen from the model fitting. 
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Therefore, the overall energy for activating the relaxation of these samples, CHDA60_Sn5 and 

CHDA50_Sn5, is increased leading to higher values of both measured Ea and Tv.  

Mechanical performance of the off-stoichiometric epoxy/CHDA vitrimer. Typical stress-

strain curves and tensile properties of vitrimer samples are showned in Figure 9 (a) Typical stress-

strain σ-γ curve and (b) Tensile properties including tensile strength at yield σ, tensile strain at 

yield γ and Young's modulus E of vitrimer containing various epoxy:CHDA ratio.Figure 9. 

Compared to the stress-strain curve of the conventional brittle epoxy-amine, epoxy/CHDA 

vitrimers exhibit  a ductile behavior (yielding observed in Figure 9a). This behavior is likely 

induced by the presence of di, tri-tetraol produced via  transesterification equilibrium, giving a 

network with higher dangling chains than in epoxy-amine formulation. From the plot in  Figure 

9b, tensile strength of all vitrimer are comparable (~60 ̶ 64 MPa). However, Young’s modulus of 

CHDA60_Sn5 and CHDA50_Sn5 are slightly lower than others as summarized in Table 6. 

Additionally, elongation at yield gradually increases with decreasing diacid content, suggesting 

that the ductibility is more pronounced in excess epoxy samples. This result goes in the opposite 

direction that our previous study with sebacic acid as hardener.34 In the previous case, the sebacic 

acid acted more like a “soft crosslinker”, and homopolymerization led to aromatic compound being 

linked together more closely which resulted in higher E and lower elongation. In the case of the 

CHDA hardener, as aliphatic cyclic compound with absence of unsatured chains, the decrease of 

its content leads to aromatic moities in the polymer to be less closely linked which results in lower 

Young’s modulus and higher elongation. In other word, the sebacic acid compound of vitrimer 

formulation can be considered as flexible spacer while CHDA acts as a rigid crosslinker.  
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Flexural properties were also investigated and summarized in Table 6. Flexural strength of all 

vitrimers are found to be in the same range of ~100 MPa. The flexural modulus slightly decreases 

with excess of epoxy (i.e. decrease of CHDA content) while %strain at maximum load gradually 

increases (especially for CHDA60_Sn5 and CHDA50_Sn5).  

 

Figure 9 (a) Typical stress-strain σ-γ curve and (b) Tensile properties including tensile strength at 

yield σ, tensile strain at yield γ and Young's modulus E of vitrimer containing various 

epoxy:CHDA ratio. 

Table 6 Tensile properties (tensile strength at yield σy, tensile strain at yield γy and Young's 

modulus Ey), Flexural properties and fracture properties (fracture toughness KIc and fracture 

energy GIc) of the off-stoichiometric vitrimer. 

Sample σy (MPa) γy (%) Ey (GPa) σf (MPa) γf (%) Ef (GPa) KIc  

(MPa m1/2) 

CHDA100_Sn5 60.0 ± 2.9 3.9 ± 0.3 2.8 ± 0.0 104.1 ± 4.3 5.5 ± 0.4 2.7 ± 0.2 0.93 ± 0.04 

CHDA90_Sn5 63.5 ± 0.7 4.0 ± 0.2 2.6 ± 0.0 103.6 ± 1.2 5.6 ± 0.2 2.8 ± 0.0 0.93 ± 0.10 

CHDA75_Sn5 62.1 ± 0.9 4.6 ± 0.1 2.7 ± 0.1 98.5 ± 1.3 6.3 ± 0.1 2.5 ± 0.1 0.96 ± 0.04 

CHDA60_Sn5 61.8 ± 0.7 5.4 ± 0.2 2.4 ± 0.1 100.3 ± 1.3 6.7 ± 0.2 2.5 ± 0.1 1.39 ± 0.08 

CHDA50_Sn5 59.5 ± 0.4 6.5 ± 0.3 2.4 ± 0.0 103.9 ± 2.9 7.4 ± 0.2 2.3 ± 0.1 1.59 ± 0.06 
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Plane-strain fracture toughness (KIc) and fracture energy (GIc) of epoxy-diacid vitrimer was 

determined and shown in Figure 10. The stoichimetric vitrimer of 1:1 epoxy:acid ratio provide a 

higher fracture tougness properties than reference epoxy. Some off-stoichimetric vitrimer 

including CHDA90_Sn5 and CHDA75_Sn5 exhibit similar properties to CHDA100_Sn5 with KIc 

~0.93–0.95 MPa m1/2. Drastical improvement of KIc and GIc is observed in CHDA60_Sn5 and 

CHDA50_Sn5. Among those prepared vitrimer,  CHDA50_Sn5 provide the maximum KIc (~1.59 

± 0.1MPa m1/2) which represents 71%  improvement compared to CHDA100_Sn5 or 106 % 

enhancement compared to epoxy-amine thermoset. From these results a transition from stiff 

vitrimer to ductile material is observed when epoxy-CHDA vitrimer have ≥ 40% excess epoxy 

ratio. To understand this behavior, SEM analysis of samples was performed to observed their 

microstructures.  

SEM micrographs (Figure 11) illustrates fracture surfaces from the single edge notched bending 

(SENB) experiment. The sharp plane crack propagation and crack branching was clearly found for 

1:1 to 1:0.75 vitrimers (Figure 11a-1, 11b-1 and 11c-1, respectively), similar to the fracture surface 

of conventional epoxy-amine thermoset (Figure S19). Nevertheless, CHDA60_Sn5 and 

CHDA50_Sn5 clearly exhibit a rougher fracture surface as presented in Figure 11e-1 and 11f-1, 

respectivelly. At high magnification (Figure 11e-2 and 11f-2), SEM images reveal coarse and 

ditches surfaces. This suggests the presence of strain localization during crack propagation for both 

samples which improved the fracture toughness of these materials. In general, mechanical behavior 

of polymer is dominated by both extrinsic and intrinsic parameter.68 In this study, testing 

conditions such as temperature,  speed rate and dimensions, were kept constant so the molecular 

structure of polymer is responsible for the difference in mechanical results. As demonstrated from 

DMA, swelling and stress relaxation experiment,  the network structure of samples with high 
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excess epoxy (CHDA60_Sn5 and CHDA50_Sn5) are distinguished from the others 

(CHDA100_Sn5, CHDA90_Sn5 and CHHDA75_Sn5) due to the high ether bonds content. Non-

exchangable bonds of ether linkages potentially form a dense and rigid phase made of non-

dynamic crosslinked due to the reaction in Scheme 1c (etherification) and 1d (homopolymerization 

of epoxy). On the other hand, the dynamic network of ester bond is generated via Scheme 1a 

(epoxy-acid addition), Scheme 1b (condensation-esterification) and Scheme 1e 

(transesterification). This part of the network comprised more dangling chain and oligomers due 

to transesterification giving a softer phase with better damping properties (as seen in DMA results). 

Therefore, the heterogeneity of network potentially exists in formulations far from the 1:1 

stoichiometry such as CHDA60_Sn5 and CHDA50_Sn5. This heterogeneity might be slightly 

detrimental for the network relaxation; however, it is beneficial for the improvement of KIc due to 

the localized area of high molecular mobility at interphase.  

 

Figure 10 The effect of epoxy:CHDA ratio on fracture toughness KIc and fracture energy, GIc. 

Self-healing ability. To investigate the healing ability of vitrimers samples above Tv, the 

fractured samples from SENB were compressed via hot press. All healed specimens have been re-
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notched and pre-crack in the same manner as the pristine specimens. Figure 12 shows that the 

fractures of both stoichiometric, CHDA100_Sn5, and off-stoichiometric, CHDA50_Sn5, are fully 

healed after compression. Notably, the V-notch also get smaller, confirming the flow ability of 

vitrimer  above Tv, making the polymer passing from a viscoelastic solid to a viscoelastic liquid. 

Fracture toughness of healed vitrimer was also investigated as shown in Figure 13. It is worth 

noted that all healed specimens have been re-notched and pre-crack same as the pristine specimens. 

A drop in KIc value of less than 10% is observed compared to the pristine sample, indicating good 

healing for both stoichiometric and off-stoichiometric vitrimers. Fractured surface of healed 

vitrimers shows similar features to that of pristine vitrimer, especially for 1:1 to 1:0.75 epoxy:acyl 

vitrimers (see Figure S22). For CHDA60_Sn5 and CHDA50_Sn5, the coarse and ditches surfaces 

are still observed but they are less extensive compared to the neat one. 
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Figure 11 SEM images of fracture surface after SENB testing. (a) CHDA100_Sn5 (b) 

CHDA90_Sn5 (c) CHDA75_Sn5 (d) CHDA60_Sn5 and (e) CHDA50_Sn5 (Crack propagation: 

left to right). 
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Figure 12 Vitrimer before and after healing using hot compression (a) C100_Sn5 healed at 200°C 

for 90 min (b) CHDA50_Sn5 healed at 240°C for 90 min. 

 

Figure 13 Fracture toughness of pristine and healed vitrimers  

CONCLUSION 

In this study, epoxy/CHDA vitrimers were successfully prepared using organotin as a catalyst. 

The monobutyltin oxide play a role in network formation via the combination of several reactions: 

epoxy-acid addition, condensation-esterification, etherification, epoxy homopolymerization and 

transesterification. We found that a sufficient amount of catalyst (≥ 5 mol%) is required to obtain 
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vitrimer networks able to flow and relax stress, at 1% loading, the polymerization and properties 

is close to that of a classical thermoset. However, increasing the catalyst content to 10% leads to a 

vitrimer network with inhomogeneity, therefore it was found that 5% of Sn catalyst was the right 

amount to produce high Tg vitrimers. As the major network structure is not affected by the loading 

of organotin catalyst, the energy barrier of chain exchange reaction (Ea) is independent from this 

loading (5 %meq and 10 %meq) but do affect the freezing topology temperature or Tv. On the other 

hand, the vitrimer obtained from high epoxy excess with 5 %meq catalyst exhibit different network 

structures with higher crosslink density, especially for vitrimers with 1:60 to 1:0.50 epoxy:acid 

ratio. All Tg, Ea and Tv are shifted to higher values due to the network intrication with non-

exchangeable polyether bonds. This proves that the molecular structure strongly dominates the 

dynamic behavior of vitrimer (such as Ea), while Tv is controlled by both network structure and 

the catalyst content. Both stoichiometric and off-stoichiometric vitrimer exhibit excellent tensile 

properties which is comparable to the epoxy reference. A transition from brittle to ductile fracture 

is observed when the acid ratio decreases to 0.60. This is attributed to the diminution of rigid 

crosslinker units (CHDA) within the network leading to aromatic compound being on average less 

close to each other on the polymer backbone. Among the obtained vitrimer, CHDA60_Sn5 and 

CHDA50_Sn5 exhibit a remarkable fracture toughness improvement (up to 71% compared to the 

CHDA100_Sn5) due to the potential strain localization of the inhomogeneous network. These 

mechanical results combined with relaxation characterizations show that vitrimer can be designed 

to improve ductility and toughness of epoxy compounds while keeping the vitrimer ability to flow 

and be healed:  both stoichiometric and off-stoichiometric vitrimer are successfully healed under 

high temperature and pressure. Despite a slight decrease in fracture toughness, the healed samples 

still exhibited good properties compared with the pristine sample. The ability to keep self-healing 
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ability, increase creep resistance, and improve toughness of these high Tg epoxy vitrimer 

formulations has a strong appeal for application such as composite for aerospace or other structural 

applications requiring high performance polymers.  
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