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ABSTRACT 

Ionic liquids (ILs), in particular imidazolium salts, have raised huge interest as organocatalysts in 

recent years but have never been considered as activators in associative covalently adaptable 

networks, also referred to as vitrimers. In this work, we described the first imidazolium-catalyzed 

vitrimers. The latter consist in epoxy-acid resins that can be reshaped and recycled through 

catalyzed associative transesterification reactions. A series of cross-linked epoxy-acid networks 

were produced in the presence of different imidazolium-acetate salts prepared by the 

straightforward Radziszewski multicomponent reaction. The mechanical properties and dynamics 

of the resulting materials were studied. Stress-relaxation experiments carried out on resins 

formulated with few percent of imidazolium salts highlighted the ability of the latter to promote 

transesterification reactions within the networks and to confer them with vitrimers’ features. These 

imidazolium-catalyzed epoxy vitrimers were also successfully recycled several times while 

preserving their excellent mechanical properties. Overall, this work demonstrates the potential of 

ILs as catalysts in the field of adaptable networks and, given the large variety of ILs and of the IL-

catalyzed reactions, this approach is likely to broaden the scope of vitrimers in the future. 
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1. Introduction 

Epoxy resins constitute an important class of materials on the global thermosetting polymer market. 

They are used in a plethora of industrial applications demanding superior mechanical properties, 

chemical inertness, good adhesive properties, etc. Their severe conditions of use are favorable to 

mechanical damages like cracks and fractures leading to a notable decrease in the lifetime of the 

networks. A downside of conventional epoxy resins is the impossibility to restore or recycle them by 

applying heat or by dissolution in solvents due to their permanent cross- linked structure. As a result, 

incineration and landfill are mainly used for their disposal but both approaches give rise to serious 

environmental issues, health concerns, safety hazard and wastage of resources. Moreover, the 

persistent increase in oil prices over the past decades as well as the tendency of national and 

international political efforts to promote green growth encourage the development of recyclable 

and healable thermosetting polymer materials.  

In this context, the design of covalent adaptable networks (CANs) involving dynamic cross-linking 

bonds witnessed a considerable growth recently.[1–9] The network rearrangement induced by 

dynamic exchange reactions provides healing and recycling ability as well as environmental 

adaptability to these materials. CANs can be classified into two categories based on their exchange 

reaction mechanism that can be dissociative or associative.[4] In contrast to dissociative CANs 

relying on temporary rupture of the cross-links, associative CANs, also referred to as vitrimers,[10] 

maintain a constant cross-linking density during their processing owing to the simultaneous 

breakage and reformation of the covalent bonds (Fig. 1a). In this dynamic regime, the material flows 

without structural damage or loss of material properties, remains insoluble and behaves like a 

viscoelastic melt. At their service temperature, however, vitrimers perform as permanently cross-

linked thermosetting materials showing excellent mechanical properties and shape persistence. 

Several types of covalent exchange reactions have been considered for the preparation of vitrimers 

including transesterification,[11–14] transcarbamoylation,[15,16] transcarbonation, [17] 

transamination,[18–21] transalkylation [22,23] leading to a large variety of dynamic networks. Given 

the importance of epoxy resins, epoxy/acid and epoxy/anhydride vitrimers based on dynamic 

transesterification reactions have been described early on. [10,13,24–33] In these cases, the 

exchange process is promoted by catalysts such as zinc carboxylates,[10,26–28] 

triazobicyclodecenes,[1,25,29] organotin catalysts,[13,30] triphenylphosphine,[32] tertiary 

amines.[31] Despite the recognized activity of the aforementioned compounds, the search for 

alternative non-toxic catalysts with higher efficiency, low leaching tendency as well as low moisture, 

heat or air sensitivity is still relevant.  

In recent years, ionic liquids (ILs) have received substantial interest in the scientific community in 

particular for applications in the field of polymer science.[34–36] They are composed of bulky 

organic cations associated to a variety of anions and their physical properties can be tuned by a 

suitable choice of the cation/anion combination. This unique advantage endows ionic liquids with 

outstanding properties and features such as high chemical and thermal stability, low vapor 

pressure, high conductivity and the ability to dissolve a wide range of inorganic/ organic 
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compounds.[37,38] Therefore, ILs sustain, nowadays, countless fields of applications including gas 

capture,[39–41] electrochemistry, [42,43] and environmentally friendly solvent.[44,45] ILs such as 

pyridinium, phosphonium, ammonium, sulfonium, and particularly imidazolium salts, were also 

used as efficient alternative homogeneous catalyst especially in esterification and 

transesterification reactions. [46–48] For example, imidazolium-based ILs notably catalyze 

transesterification reactions for biodiesel production.[49] Moreover, imidazolium acetate-based 

copolymers [50] and networks[51] were also used as supported catalysts in transesterification and 

decarboxylation reactions.  

Driven by the attractive catalytic activity of ILs, we explored the preparation of epoxy-acid resins in 

the presence of imidazolium compounds for the first time and produced unprecedented 

imidazolium- catalyzed epoxy vitrimers (Fig. 1b). The latter derived from bisphenol A diglycidyl ether 

(DGEBA) and adipic acid (AA) cured in the presence of imidazolium acetate derivatives. Two ILs were 

considered to activate the dynamic transesterification reactions of the resulting networks, namely 

1,3-di-butyl-imidazolium acetate ([DiBuIm]+[AcO]-) and 1,3-di- (3-hydroxypropyl)-imidazolium 

acetate ([DiPrOHIm]+[AcO]-). Structures as well as thermal and mechanical properties of the 

different resins were studied and discussed. Model reactions were also implemented to gain more 

insight into the nature of the networks and the impact of imidazolium salts on the course of the 

curing. Finally, the dynamics of the ester-linked epoxy resins was assessed by stress relaxation 

experiments and their recycling ability was demonstrated for several cycles. 

Fig. 1. Schematic representation of (a) associative CAN and (b) general strategy for the synthesis of imidazolium-

catalyzed epoxy vitrimers.  
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2. Experimental section  

2.1. Materials  

Diglycidyl ether bisphenol A (DGEBA, >95%), adipic acid (AA, >99%), glycine (>98.5%), butylamine 

(>99.5%), 3-amino-1-propanol (>99.5%), formaldehyde solution (36.5–38% in H2O), glyoxal solution 

(40 wt% in H2O), vinyl acetate (VAc, >99%), acetic acid (100%), dichloromethane (DCM, ≥99.8%), 

methanol (MeOH, anhydrous 99.8%), acetonitrile (CH3CN, anhydrous 99.8%), sodium iodine (NaI, 

≥99.5%) 1,2-epoxydodecane (90%) and hexanoic acid (>99%) were purchased from Sigma Aldrich 

and used as received. Deuterated water (D2O) and chloroform (CDCl3) (purity > 99.8%) used for 1H 

and 13C Nuclear Magnetic Resonance spectroscopy were purchased from Euroiso-top (Grenoble, 

France).  

2.2. Characterization  

Nuclear Magnetic Resonance (NMR) spectra (1H and 13C) were recorded with a 400 MHz Bruker 

spectrometer using D2O or CDCl3 as deuterated solvents and treated with MestreNova software. The 

sample temperature was set to 298 K. Chemical shifts and coupling constants are given in parts per 

million (ppm) and Hertz (Hz), respectively.  

Fourier Transform Infrared (FTIR) spectra were recorded on a Thermo Fisher Scientific Nicolet IS5 

equipped with an ATR ID5 module using a diamond crystal. The spectra were collected in the range 

(650–4000 cm− 1) at a resolution of 4 cm− 1.  

ESI-MS data were acquired on a Waters Synapt G2-Si mass spectrometer (Waters, UK) equipped with 

an Electrospray ionization source used in the positive ion mode. Infusion samples were prepared in 

methanol for the HRMS measurements and acetonitrile for the model reaction investigation. The 

final concentration of the infused solution is around 1.10–3 mg/mL. For the mass spectrometer 

parameters, the electrospray ionization (ESI) conditions were capillary voltage 3.1 kV; cone voltage 

30 V; source temperature 100 ◦C; desolvation temperature 150 ◦C. Dry nitrogen, the desolvation gas, 

is used as the ESI gas with a flow rate of 500 L h-1 for. For the HRMS (High Resolution Mass 

Spectrometry – Accurate Mass Measurements) measurements, a solution of NaI is used to prepare 

reference ions (lock masses).  

Thermogravimetric analysis (TGA) analyses were carried out under nitrogen from ambient 

temperature to 600 ◦C at a heating rate of 10 ◦C/ min. Differential scanning calorimetry (DSC) 

measurements were performed on a TA Instruments Q100 DSC, using hermetic aluminum pans, 

indium standard for calibration, nitrogen as the purge gas, a sample weight of ~5-10 mg. The 

measure procedure consisted of two scanning cycles. In each cycle, the sample was cooled down to 

− 15 ◦C at a cooling rate of 20 ◦C/min, followed by an isotherm at − 15 ◦C for 5 min and heating up to 

200 ◦C at a 10 ◦C/min heating rate. Glass transition temperatures (Tg) were determined by the 

inflection point of the curve observed from the second heating cycle.  
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Dynamic mechanical analysis (DMA) and stress–strain measurements were performed on a DMA 

Q800 (TA instruments) dynamic mechanical analyzer employing a film tension geometry using 

rectangular compression-molded films (ca.10.0 mm (L) × 5.0 mm (W) × 1.0 mm (T). Throughout DMA 

measurements, the storage modulus (E’) was monitored as the temperature was increased from 0 
◦C to 160 ◦C with a heating rate of 3 ◦C/min at a frequency of 1 Hz. A preload force of 0.01 N, an 

amplitude of 5 μm and a force track of 125% were used at all measurements. The Talpha was obtained 

from the peak temperature of loss tangent (tan δ) curves. Stress–strain curves were performed 

under the controlled force mode at 25 ◦C applying a ramp of force from 0 to 18 N with a rate of 0.3 

N/min.  

Stress relaxation analyses were performed on an ARES-G2 (TA instruments) via parallel plate 

geometry using disk-shaped specimens of diameter 25 mm and uniform thickness 1–1.5 mm. Prior 

to measurement, the sample was equilibrated at the selected temperature for 5 min. Strain sweep 

experiments were carried out for the determination of the linear viscoelastic regime. In all cases, 5% 

strain step was employed and the stress relaxation behavior was studied in the range from 180 to 

240 ◦C. A constant axial force of 10 N was applied throughout the experiment to maintain the sample 

between the parallel plates and avoiding sliding. The characteristic relaxation time τ* was 

determined as the time required to relax to 37% (1/e) of the initial normalized relaxation modulus. 

Relaxation times τ* follows an Arrhenius law:  

𝜏(𝑇) = 𝜏0 𝑒𝑥𝑝(𝐸𝑎/𝑅𝑇) (1) 

where τ0 refers to the characteristic relaxation time at infinite T, Ea represents the activation energy 

for the transesterification reaction, R is the universal gas constant and T is the temperature of the 

conducted experiment.  

Swelling tests were carried out with round disc-shaped specimens with an average mass of 600 mg. 

DCM was used to perform the solubility tests. The specimens were immersed in each solvent for 24 

h at 25 ◦C. Subsequently, the swollen samples were weighted then dried overnight under vacuum at 

80 ◦C to obtain the dry weight. The swelling ratio and soluble fraction were calculated using equation 

(2) and (3), respectively. The reported results are averages of three measurements.  

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%) =
𝑚𝑠𝑤𝑜𝑙𝑙𝑒𝑛−𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
× 100 (2) 

𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑚𝑑𝑟𝑦

𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100 (3) 

2.3. Synthesis of 1,3-di-butyl-imidazolium acetate ([DiBuIm]+[AcO]-)  

In a 250 mL round-bottom flask equipped with a stirrer bar, a solution of glyoxal (9.92 g, 68 mmol), 

butylamine (10.00 g, 137 mmol) and formaldehyde (5.54 g, 68 mmol) in MilliQ® water (40 mL) was 

prepared. Acetic acid (23.48 mL, 410 mmol) was added and the reaction was stirred at 50 ◦C for 18 h. 

The reaction mixture was then cooled down to 25 ◦C and the product was extracted with ethyl 

acetate (2 × 100 mL). The organic fraction was concentrated under reduced pressure at 80 ◦C, 

overnight, to obtain a highly viscous dark-brown liquid (95% yield). 1H NMR (400 MHz, D2O) δ (ppm) 
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: 8.77 (s, 1H), 7.47 (s, 2H), 4.16–4.19 (tr, J = 7.1 Hz, 4H), 1.95 (s, 3H), 1.81–1.84 (m, 4H), 1.24–1.31 (m, 

4H), 0.87–0.89 (tr, J = 7.1 Hz, 6H), 13C NMR (101 MHz, D2O) δ (ppm): 179.67, 135.04, 122.25, 49.24, 31.19, 

22.05, 18.70, 12.55. HR-MS (m/ z): [M]+ calcd for C11H21N2
+, 181.1705; found, 181.1705.  

2.4. Synthesis of 1,3-di-(3-hydroxypropyl)-imidazolium acetate 

([DiPrOHIm]+[AcO]-)  

In a 250 mL round bottom flask containing a stirrer bar, a solution of glyoxal (9.66 g, 67 mmol), 3-

amino-1-propanol (10.00 g, 133 mmol) and formaldehyde (5.40 g, 67 mmol) in MilliQ® water (40 mL) 

was prepared. Acetic acid (22.9 mL, 399 mmol) was added and the reaction was stirred at 50 ◦C for 

18 h. The reaction mixture was then cooled down to 25 ◦C and the product was extracted with ethyl 

acetate (2 × 100 mL). The organic fraction was concentrated under reduced pressure at 80 ◦C 

overnight to obtain a highly viscous dark-brown liquid (95% yield). 1H NMR (400 MHz, D2O) δ (ppm): 

8.83 (s, 1H), 7.52 (s, 2H), 4.29–4.33 (tr, J = 7.1 Hz, 4H), 3.60–3.63 (tr, J = 6.1 Hz, 4H), 2.07–2.13 (m, 4H), 

1.9 (s, 3H) 13C NMR (101 MHz, D2O), δ (ppm): 181.02, 135.60, 122.48, 57.85, 46.53, 31.49, 22.96. HR-MS 

(m/z): [M]+ calcd for C9H17N2O2
+, 185.1293; found, 185.1290.  

2.5. Synthesis of the epoxy-acid networks  

Epoxy vitrimers were synthesized by curing of DGEBA with АА in the presence of [DiPrOHIm]+[AcO]- 

or [DiBuIm]+[AcO]-. For all samples, an equimolar [COOH]/[epoxy] ratio was used. The experimental 

procedure carried out in each case is described below. Predetermined amounts of DGEBA and AA 

were added in a silicone mold (W × D × H = 6 cm × 4 cm × 2 cm) which contained a stirrer bar. A 

minimum amount of DCM was added and the mixture was dissolved under stirring. Subsequently, 

an aliquot of [DiPrOHIm]+[AcO]- or [DiBuIm]+[AcO]- varying from 3 and 5 mol% relative the carboxyl 

groups was added to the solution and the latter was allowed to stir until a homogeneous mixture 

was obtained. Subsequently, the mold was placed in an oven at 110 ◦C for 2 h leading to a 

homogeneous residue after solvent evaporation. The latter was then cured in the oven at 140 ◦C for 

24 h. Prior removal from the oven, vacuum was applied for 1 h. Finally, the samples were pressed for 

90 min at 200 ◦C applying 3 metric tons pressure in order to obtain transparent and defect free films 

that were analyzed by IR, TGA, DMA, DSC, stress-relaxation and stress strain experiments.  

2.6. Imidazolium catalyzed epoxy-acid model reaction  

In a 25 mL round bottom flask equipped with a magnetic stirrer, 1,2- epoxydodecane (3.17 g, 17 

mmol), hexanoic acid (2.00 g, 17 mmol) and 1,3-di-butyl-imidazolium acetate (0.15 g, 0.51 mmol, 3 

mol%) were mixed and heated at 140 ◦C for 24 h. The crude reaction mixture was analyzed by IR, 

NMR and ESI-MS analyses.  
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2.7. Esterification of [DiPrOHIm]+[AcO]- by VAc  

In a 50 mL round bottom flask containing a stir bar was added [DiPrOHIm]+[AcO]- (1 eq, 0.5 g, 2 mmol) 

followed by the addition of vinyl acetate (10 eq, 1.8 g, 20 mmol). The reaction mixture was stirred at 

80 ◦ C for 18 h. Finally, the product was dried under vacuum at room temperature overnight. 1H NMR 

(400 MHz, CDCl3), δ  (ppm): 7.93 (s, 1H), 4.43–4.47 (tr, J = 7.6 Hz, 4H), 4.14–4.17 (tr, J = 6.0 Hz, 4H), 2.20–

2.29, (m, 2H) 2.14, (s, 3H) 2.04, 1.80 (s, 3H), 1.78 (s, 3H). 13C NMR (101 MHz, CDCl3) δ  170.80, 169.69, 

142.10, 123.98, 60.89, 46.39, 29.35, 20.89, 18.73. 

Fig. 2. Preparation of (a) the imidazolium-acetate based catalysts and (b) the corresponding epoxy-acid 

networks  

 

2.8. Recycling experiments  

To evaluate the recyclable nature of the networks, samples were ground in small chunks which were 

then used as a raw material for compression molding. The chunks were placed in metal mold and 
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pressed at 200 ◦C for 90 min applying 3 metric tons pressure. This grinding/molding cycle was 

repeated four times. The resulting homogeneous recycled samples were then cut into rectangular 

shapes for the tensile experiment.  

3. Results and discussion  

3.1. Synthesis of the imidazolium acetate catalysts and networks  

The imidazolium acetate catalysts were synthesized via the modified Debus-Radziszewski 

multicomponent reaction (MCR) which consists in coupling two amino groups with glyoxal and 

formaldehyde in the presence of acetic acid in water.[52] This straightforward one-pot MCR was 

applied to n-butylamine and 3-amino-1-propanol producing [DiBuIm]+[AcO]- and [DiPrOHIm]+[AcO]- 

in 95% yield, respectively (Fig. 2a). These ILs consisting in viscous liquids at room temperature were 

characterized by 1H (Figures S1 and S3) and 13C NMR (Figure S2 and S4) to ascertain their chemical 

structure. The formation of the imidazolium rings was proven by the 1H signals around 8.7 and 7.5 

ppm corresponding to the aromatic protons of the heterocycles and by 13C peaks at 125 and 140 

ppm. Characteristic signals of the acetate counter ion were also detected at 1.9 ppm in the 1H spectra 

(Figures S1 and S3) and around 177 and 26 ppm in the 13C spectra (Figure S2 and S4). In addition, 

typical peaks of the terminal methyl groups of [DiBuIm]+[AcO]- and of the –CH2-OH methylene groups 

of [DiPrOHIm]+[AcO]- were observed at 0.9 ppm (Figure S1) and 4.3 ppm (Figure S3), respectively.  

Next, epoxy-acid networks were synthesized from diglycidyl ether of bisphenol A (DGEBA) and adipic 

acid (AA) in the presence of various amounts (3 and 5 mol %) of [DiBuIm]+[AcO]- or [DiPrOHIm]+[AcO]-

. A stoichiometric amount of diepoxide and diacid was used, which is known to produce crosslinked 

resins that retain full capacity to flow and relax stresses under thermal treatment.[33] In practice, 

DGEBA, AA and the imidazolium salts were dissolved in dichloromethane (DCM) and placed in a 

silicone mold. After evaporation of the solvent at 110 ◦ C, the homogeneous mixture was cured at 140 
◦ C for 24 h. Regardless of the nature ([DiBuIm]+[AcO]- or [DiPrOHIm]+[AcO]-) and the concentration of 

the imidazolium salts, we recovered stiff and colored materials (Fig. 2b). At this stage, however, the 

latter exhibited some holes probably due to the release of water leading to bubbles during the 

curing, as discussed below. Nonetheless, defect free and transparent films were obtained after hot 

press treatment at 200 ◦ C for 90 min (Fig. 2b) and all analyses have been carried out on these 

homogeneous materials. Throughout the text, the epoxy-resin (ER) are designated as ER-DiBuIm- 

n% and ER-DiPrOHIm-n% in reference to the cation and the concentration (n mol%) of catalyst 

considered in the formulations.  

ATR-FTIR analyses were carried out to confirm the formation of the epoxy-acid resins (Figures 3 and 

S5-6). Representative IR spectra of the DGEBA/AA mixture in the presence of 3 mol% of 

[DiBuIm]+[AcO]- before and after curing at 140 ◦ C and hot press at 200 ◦ C are presented in Fig. 3. First, 

it is worth noting that spectra for the resins before and after the hot press treatment at 200 ◦ C are 

very similar. Moreover, upon curing, the characteristic C = O stretching band of the carboxylic acid 
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at 1680 cm− 1 disappears while a strong absorption appears at 1730 cm− 1 due to the formation of the 

esters (C = O stretching signal) via addition of carboxylic acids onto the epoxy functions of DGEBA 

(Fig. 3). The consumption of the latter is supported by the disappearance of the characteristic epoxy 

band at 914 cm− 1. Finally, a broad peak emerges around 3100–3600 cm− 1 which corresponds to the 

hydroxyl groups generated by the opening of the epoxides (Figures S5A and S6A). Note that some 

polyether formation, via homopolymerization of the epoxide, is observed in the presence of 

imidazolium as indicated by the alkyl- alkyl C-O-C signal at 1133 cm− 1 (Figs. 3 and S5-6). Nevertheless, 

in the present case, extraction of the specific signal of the epoxy polymerization and accurate 

quantification of the ether formation is difficult to due to the complexity of the IR pattern in the C-O 

stretching region (1000–1200 cm− 1) and interference with other functions including several ester 

signals (1280–1160 cm− 1), peaks of the aryl–alkyl ether functions (1250 cm− 1 and 1040 cm− 1) as well 

as primary and secondary alcohol functions (around 1065 cm− 1 and 1100 cm− 1).[33] Interestingly, 

although part of the epoxy groups are involved in the formation of polyethers, at the term of the 

reaction, all carboxylic acid groups are consumed. As an explanation, the excess of carboxylic acid 

reacted by esterification with the alcohol releasing some water at the origin of the holes observed in 

the cured materials. This situation contrasts with the typical base catalyzed epoxy-acid resin where 

only two reactions take place, namely the epoxy-acid addition followed by slower transesterification 

reaction.[53]  

In order to gain insight into the network formation, as model reaction, 1,2-epoxydodecane was 

reacted with hexanoic acid in the presence of 3 mol% of [DiBuIm]+[AcO]- at 140 ◦ C. As illustrated in 

Figure S7, a great variety of products can result from the competing reactions, i.e. opening of the 

epoxide by the acid, oligomerization of epoxide, esterification of alcohols as well as 

transesterification. First, the IR analyses confirmed the observations made on the crosslinked 

materials, i.e. the full consumption of the epoxy and acid groups at the early stage of the reaction 

(before 3 h), the formation of both ester and ether groups (Figure S8A) as well as significant amount 

of alcohols (Figure S8B). Further information was provided by 1H NMR (Fig. 4) and HSQC (Figure S9). 

Aside to the rapid disappearance of epoxy signals (Fig. 4), we observed the appearance of typical 

signals corresponding to the –COO-CH2- of various esters around 3.9–4.2 ppm, the characteristic –

CH-O-CH2- peaks of ethers between 3.5 and 3.75 ppm but also the –CH- OH and –OH signals of 

alcohols around 3.8 and 2.2 ppm, respectively. Interestingly, characteristic –COO-CH- signals were 

detected between 4.8 and 5.2 ppm confirming partial esterification of the alcohol released from the 

opening of the epoxide. Note that some transesterification reactions occurred upon prolonged 

heating as assessed by the appearance of the additional –COO-CH- peaks around 4.8–5.2 ppm. 

Finally, ESI-MS analysis confirmed the complexity of the reaction mixture and the formation of 

several products (Figure S10). In addition to the imidazolium salt, we identified a series of key 

products (see blue structures in Figure S7) including the compound resulting from the opening of 

the epoxy by the acid (A1.Na+, 323.3 m/z) and its esterified derivative (A2. Na+, 421.3 m/z). Several 

ether-containing products (e.g. B1, C1-4) resulting from multiple ring opening reactions (with and 

without esterification of their alcohols) were also detected which supports the occurrence of this 

reaction during the networks formation.  
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Finally, the hydroxyl groups of [DiPrOHIm]+[AcO]- are likely to react with the precursors of the epoxy-

resin but also with the esters of the final material which should lead to the chemical anchoring of 

the imidazolium onto the network. Due to the low amount of imidazolium involved, it was 

impossible to highlight this reaction by IR or any other spectroscopic analysis. Therefore, in order to 

support the ability of the alcohol moieties of [DiPrOHIm]+[AcO]- to participate to transesterification 

reactions, we applied the common vinyl acetate-based transesterification model reaction onto the 

1,3-di-(3-hydroxypropyl)- imidazolium acetate. Vinyl acetate (VAc) was selected because the 

released vinyl alcohol tautomerizes into acetaldehyde, which drives the equilibrium towards the 

product side and facilitates the analysis of the esterified compound.[54] In practice, 

[DiPrOHIm]+[AcO]- was reacted with 10 equivalents of VAc at 80 ◦ C for 18 h (Figure S11a). Under these 

conditions, the corresponding esterified imidazolium salt was produced near-quantitatively, 

according to 1H and 13C NMR (Figures S11b and S11c), highlighting the propensity of its hydroxyl 

groups to take part to transesterification processes.  

Overall, the characterization of the epoxy resins prepared with the imidazolium salts confirmed the 

proper cross-linking reaction as well as the formation of both ester and alcohol moieties necessary 

to the transesterification exchange reactions behind the vitrimer-like properties. The latter are 

studied below.  

Fig. 3. ATR-FTIR spectra of the starting DGEBA/AA mixture (—) and of the resulting ER-DiBuIm-3% after curing at 

140 ◦C (—) and hot press at 200 ◦C (—). Peaks labels: (A) C =O stretching of adipic acid, (B) asymmetric epoxy 

deformation, (C) C =O stretching of esters of the network, (D) C-O-C peaks of ethers.  
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Fig. 4. 1H NMR (in CDCl3) of the model reaction between 1,2-epoxydodecane and hexanoic acid carried out at 140 
°C in the presence of 3 mol % of [DiBuIm]+[AcO]-.  

 

 

Table 1 Swelling ratio and soluble fraction of the epoxy resins. 

Sample  Swelling ratio (%) a  Soluble fraction (%) b  

ER-DiBuIm-3%  129  6  

ER-DiBuIm-5%  166  7  

ER-DiPrOHIm-3%  147  5  

ER-DiPrOHIm-5%  154  8  

Analyses were carried on the samples cured at 140 ◦C and pressed at 200 ◦C. a Determined after 24 h immersion in DCM 

according to eq. (2). b Determined from the weight loss of the sample according to eq. (3).  

3.2. Network characterization  

Swelling experiments were first carried out to assess the covalent cross-linked character and the 

solvent resistance of the materials (Table 1). For this purpose, the epoxy-acid samples were 

immersed for 24 h in DCM at ambient temperature. In all cases, swelling ratios ranging from about 

130 to 165% and low soluble fractions (<8%) were recorded. In spite of the good affinity of the 

solvent for these polymers, the latter did not dissolve (even after a prolonged immersion of two 

weeks) which supports their cross-linked nature. The comparable swelling data between the 

different samples also support the limited impact of the imidazolium catalyst on the material 

microstructure obtained after curing the epoxy and acid precursors, as already evidenced above by 

IR spectroscopy.  
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The thermal stability of the different networks was evaluated by thermogravimetric analysis (Figure 

S12). In particular, we measured the onset degradation temperature Td5% corresponding to the 

temperature at which a weight loss of 5% is observed (Table 2). This analysis emphasized the good 

thermal stability of all materials with Td5% superior to 300 ◦C confirming that imidazolium does not 

favour the thermal degradation of the epoxy-resin.  

Next, Tg of each epoxy-resin were measured by DSC (Figure S13, Table 2). In all cases, Tg was 

comprised between 37 and 47 ◦C. No drastic change of Tg was observed when the loading of 

[DiPrOHIm]+[AcO]- or [DiBuIm]+[AcO]- increased. As a confirmation, very similar Talpha values were 

measured by DMA for the different samples (Figure S14, Table 2). These values are consistent with 

the previously reported Tg of DGEBA-based vitrimers ranging from 30 ◦C to 60 ◦C depending on the 

length of the diacid derivative (C10-C5).[24]  

The viscoelastic properties of the imidazolium-loaded networks were then characterized using DMA. 

Fig. 5 presents the storage modulus (E′) as a function of temperature. All curves displayed 

characteristic features of crosslinked materials. As expected for epoxy-acid resins in the glassy 

state,[24,55] the E’ values recorded at 25 ◦C were in the range of GPa (See Fig. 5 and Table 2). Upon 

heating, the storage modulus exhibited a steep drop when the temperature reaches ~ 50 ◦C typical 

of the transition from glassy to rubbery state, followed by a rubbery plateau above 110 ◦C confirming 

the presence of a three-dimensional network. On the other hand, the rubbery E′ modulus at 150 ◦C 

slightly decreases when increasing the amount of catalyst in the formulation, e.g. 1.28 MPa and 0.83 

MPa for 3 mol% and 5 mol% of [DiBuIm]+[AcO]-, respectively. The same trend was observed for 

[DiPrOHIm]+[AcO]- (Table 2). These observations suggest a slightly lower cross-linking density within 

materials formulated with a higher amount of catalyst, which may be due to minor variations in the 

ester/ether ratio in the epoxy resins.  

The mechanical properties of the [DiBuIm]+[AcO]- and [DiPrOHIm]+[AcO]- loaded networks were then 

assessed by stress–strain experiments (Fig. 6, Table 2). The tensile modulus of these materials tends 

to decrease when increasing the imidazolium content. Indeed, modulus values of 1010 MPa and 650 

MPa were recorded for epoxy resins prepared with 3 mol% and 5 mol% of [DiBuIm]+[AcO]-, 

respectively. This trend is consistent with the variation in the crosslinking density suggested by the 

above mentioned evolution of E′ in the rubbery plateau. Very similar trends were observed for the 

epoxy resins formulated with [DiPrOHIm]+[AcO]- (Fig. 6).  

Table 2 Thermal and mechanical properties of the epoxy-acid resins 

Sample  Td 5% 

(°C)a  

Tg DSC 

(°C)b  

T alpha 

(°C)c  

E’ at 25°C (GPa)d  E’ at 150 °C 

(MPa)d  

Tensile Modulus 

(MPa)e  

Ea 

(kJ/mol)f  

ER-DiBuIm-3%  356  47  49  3.78  1.28  1010  94  

ER-DiBuIm-5%  343  42  50  1.64  0.83  650  110  

ER-DiPrOHIm-3%  355  37  49  2.84  1.16  870  71  

ER-DiPrOHIm-5%  348  38  50  3.00  0.64  670  75  

All analyses were carried on samples cured at 140 ◦C and pressed at 200 ◦C.a Temperature at which a weight loss of 5% is 

observed by TGA. b Determined by DSC. c Determined by DMA (see Figure S14). d Storage modulus measured by DMA. e 

Tensile modulus determined at 25 ◦C from stress-strain curves (Fig. 6). f Activation energy calculated from the Arrhenius 

law (data in Fig. 7). 
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Fig. 5. Temperature dependence of the storage modulus for epoxy-acid networks formulated with various 

amounts of (a) [DiBuIm]+[AcO]- and (b) [DiPrOHIm]+[AcO]-.  

 

Fig. 6. Stress–strain curves for epoxy-acid resins (cured at 140 ◦C and pressed at 200 ◦C) containing various 

amounts of a) [DiBuIm]+[AcO]- and b) [DiPrOHIm]+[AcO]-.  

3.3. Networks dynamics  

The vitrimer-like properties of the imidazolium-containing epoxy- acid networks were then studied 

via stress relaxation experiments. In this case, the imidazolium additives are expected to catalyze 

the transesterification reactions allowing the rearrangement of the ester cross- links and the 

relaxation of the networks. The effect of the nature and concentration of the imidazolium derivatives 

on the network dynamics was examined at different temperatures. Shear stress relaxation 

experiments were performed on epoxy-acid resins containing 3 mol% and 5 mol% of [DiBuIm]+[AcO]- 

or [DiPrOHIm]+[AcO]- at various temperatures ranging between 200 ◦ C and 240 ◦ C (Fig. 7). The 

normalized stress- relaxation curves of all samples at each temperature are provided in Figure S15. 

As an illustration, Fig. 7a and 7b show representative stress relaxation curves at 200 ◦ C for an applied 

strain of 5% for networks containing different amounts of [DiBuIm]+[AcO]- and [DiPrOHIm]+[AcO]-, 

respectively.  
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As expected, the epoxy-acid resins formulated in the presence of imidazolium exhibited some 

relaxation at 200 ◦ C and this phenomenon was faster when the imidazolium loading was increased. 

These observations confirmed the ability of the imidazolium-acetate compounds to play the role of 

transesterification catalyst and activate the exchangeable ester cross-links. According to previous 

report, relaxation times τ * were measured from the stress-relaxation curves and correspond to the 

time necessary to release 63% of the stress (Table S1). At 200 ◦ C, the relaxation time τ * of the 

networks containing between 3 and 5 mol% of [DiBuIm]+[AcO]- were equal to 80 min to 55 min, 

respectively (Table S1). At the same temperature and for an identical catalyst loading, τ * varied from 

85 min to 29 min when using 3 and 5 mol% of [DiPrOHIm]+[AcO]- , respectively (Table S1). By 

comparison, these τ * values are higher than those reported for epoxy-acid vitrimers with 

comparable glass transition temperatures prepared with the common Zn(OAc)2 catalyst.[32] Indeed, 

relaxation times of approximately 10 min were measured at 200 ◦ C for such resins containing 5 mol% 

of Zn(OAc)2.[32] Nevertheless, as shown in Fig. 2, proper reshaping of the imidazolium- based 

vitrimers can be achieved at 200 ◦ C when the processing time (90 min) exceeds the relaxation time. 

As shown in Fig. 7c and 7d, the relationship between relaxation time and temperature satisfied the 

Arrhenius law allowing the calculation of the Ea from the slope. Overall, slightly higher Eas were 

recorded for the networks loaded with [DiBuIm]+[AcO]- (94–110 kJ/mol) compared to those 

containing [DiPrOHIm]+[AcO]- (71–75 kJ/mol) (Table 2). These activation energies are in the range of 

those reported for several epoxy-acid vitrimers. [10,24,31,55–57] For example, activation energies 

around 90 kJ/mol were measured for Zn(OAc)2-catalyzed epoxy-acid vitrimers.[32]  

Fig. 7. Normalized stress-relaxation curves for the epoxy-acid resins (cured at 140 ◦C and pressed at 200 ◦C) 

containing different amounts of (a) [DiBuIm]+[AcO]- and (b) [DiPrOHIm]+[AcO]- at 200 ◦C. Relaxations times (τ*) were 

measured at 63% of relaxation (dotted line); Arrhenius plots of the measured relaxation times for  different 

loadings of c) [DiBuIm]+[AcO]- and d) [DiPrOHIm]+[AcO]-. 

 



Published in : European Polymer Journal (2021), vol. 147, n°110296 

DOI: 10.1016/j.eurpolymj.2021.110296 

Status : Postprint (Author’s version)  

 

 

3.4. Recyclability of the networks  

The recycling of the imidazolium catalyzed epoxy-acid resins was also addressed. In this case, we 

considered networks containing 3 mol% of catalyst, i.e. [DiBuIm]+[AcO]- or [DiPrOHIm]+[AcO]-. For 

this purpose, samples were crushed in very small pieces and remolded by compression into films at 

200 ◦C by applying 3 metric tons pressure for 90 min. This procedure was repeated four times using 

the same conditions and stress–strain curves were measured at ambient temperature after each 

recycling step (Fig. 8a and b). Regardless of the nature of the catalyst, no significant loss of the 

mechanical properties of the networks was observed after repeated recycling which demonstrates 

the recyclability of these unprecedented imidazolium-catalyzed epoxy vitrimers. It also is worth 

remembering at this stage that a model reaction emphasized the propensity of the alcohols of 

[DiPrOHIm]+[AcO]- to undergo transesterification, and so to possibly anchor the ester-based 

networks. Nevertheless, this phenomenon does not prevent this imidazolium moiety to act as 

catalyst and to promote an efficient recycling of the resins.  

Finally, swelling and DMA analyses were performed on the recycled imidazolium-containing 

networks to better evaluate the integrity of the network along the recycling steps. As indicated in 

Table S2, swelling ratios remained in the same range as the original material but slightly decreased 

along the recycling steps for both [DiBuIm]+[OAc]- and [DiPrOHIm] +[OAc]- catalysts suggesting that 

the crosslinking density somewhat increased. This assumption is supported by the moderate 

increase (log scale) of the E’ value in the rubbery plateau of DMA curves of the recycled imidazolium 

containing networks, as illustrated in Figure S16 for the [DiPrOHIm]+[OAc]- based vitrimers. The 

repetition of the recycling process thus seems to induce some extra crosslinking within the 

imidazolium-based materials probably due to the high temperature (200 ◦C) and time necessary for 

their reprocessing. In spite of this, the recycling of these imidazolium-catalyzed vitrimers is quite 

effective and the mechanical properties of the materials seem preserved along the recycling steps.  
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Fig. 8. Stress-strain curves of recycled imidazolium-loaded vitrimers after grinding to a powder and reprocessing 

at 200 ◦C for 90 min. (a) ER-DiBuIm-3% (b) ER-DiPrOHIm-3%.  

4. Conclusions  

In summary, we demonstrated for the first time the potential of imidazolium salts as catalysts for 

the transesterification covalent exchanges occurring in epoxy-acid vitrimers. A series of resins were 

formulated from the bisphenol A diglycidyl ether/adipic acid pair in the presence of different 

amounts of [DiBuIm]+[AcO]- or [DiPrOHIm]+[AcO]- derivatives. Characterization of the resulting 

materials confirmed their crosslinked nature as well as the presence of ester and alcohol moieties 

involved in the dynamic transesterification process. Structural characterizations and model 

reactions also highlighted the occurrence of the competing ring opening oligomerization of epoxide 

under these conditions leading to polyether groups inside the network. Nonetheless, these 

unprecedented imidazolium-containing epoxy-acid resins displayed the characteristic behaviors of 

vitrimers during the stress-relaxation experiments. Moreover, Arrhenius activation energies and 
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relaxation times were measured for networks containing various amounts of these catalysts. Briefly, 

slightly higher Eas were recorded for the networks loaded with [DiBuIm]+[AcO]- compared to those 

containing [DiPrOHIm]+[AcO]- and, as expected, relaxation times decreased when increasing the 

catalyst loading. By comparison, however, relaxation times of these imidazolium vitrimers were 

higher compared to those involving more common catalysts like Zn(OAc)2 meaning that the former 

necessitate higher temperature and/or longer processing times.  

Despite of this, the imidazolium-containing resins showed good recyclability and reshaping 

properties which confirms the capacity of imidazolium salts to activate the transesterification 

reactions responsible for the network’s dynamics. Indeed, some resins were recycled>4 times 

without significant alteration of their mechanical properties.  

Considering the relaxation times and the competing polymerization of epoxides during the 

formation of the imidazolium-based vitrimers, we must concede that the latter does not totally 

compete with the traditional catalysts like Zn(OAc)2 for the preparation of epoxy-acid vitrimers. 

Nevertheless, this work demonstrates for the first time the ability of ionic liquid, in particular of 

imidazolium salts, to act as catalysts in the field of the epoxy-acid adaptable networks. It also sheds 

light on the fact that the presence of a few percent of imidazolium groups in ester networks is likely 

to impact their properties and induce some relaxation. Finally, considering the great variety of ILs 

and the large range of reactions they can catalyze, it should be possible to extend this approach to 

adaptable networks governed by other types of exchangeable crosslinks and so broaden the scope 

of vitrimers.  
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