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A B S T R A C T

Design and development of high glass transition (Tg) biobased epoxy thermosets is a key challenge for several 
fields of applications. To this aim, in the present study diglycidyl ether of resorcinol (DGER) is proposed as a 
potentially biobased alternative to diglycidyl ether of bisphenol A (DGEBA) for the synthesis of high-performance 
epoxy resins. DGER is obtained by diglycidylation of resorcinol, an aromatic diol synthesized by fermentation of 
glucose or catechin. The curing process of DGER in the presence of various anhydrides as hardeners and several 
imidazole initiators is studied. The most efficient hardener/initiatior combination, which leads to the resin with 
the highest degree of reaction conversion and the highest glass transition (Tg > 100 ◦C) is further studied by 
chemorheological analysis, and a kinetic model for the crosslinking reaction is proposed. The conversion degree 
is evaluated by monitoring the disappearing of characteristic peaks of anhydride and epoxy rings in ATR-FTIR 
spectra collected at different curing temperature, as well as the appearance of the characteristic band of ester 
groups typically formed in epoxy/anhydride resins. By fitting the conversion data, the autocatalytic crosslinking 
mechanism is confirmed, and kinetic parameters are calculated. Also, the thermomechanical characteristics and 
chemical stability of DGER-based epoxy resins are evaluated, confirming the potential use of this epoxy ther
mosets when high mechanical and thermal properties are required.

1. Introduction

Petroleum-based polymers have been started to be used at industrial 
level for over a century, but the current geopolitical situation, coupled 
with dwindling oil and gas reserves, has led to an increase in the cost of 
oil-based raw materials. The global focus is therefore shifting the 
research and the subsequent production of more environmentally and 
economically sustainable materials. A sustainability-driven change in 
resource usage is especially urgent in the epoxy resins industry, as the 
use of diglycidyl ether of bisphenol A (DGEBA), the mainly used epoxy 
monomer in resin production, raises strong health and environmental 
concerns [1]. The transition to alternative, less harmful monomers is 
crucial for the future of the industry, and the research of alternatives 

among the plenty of bioderived molecules can help combine both ma
terial safety and sustainability.

One promising avenue for the development of sustainable epoxy 
resins is the choice of bio-based monomers derived from renewable re
sources such as plant oils, sugars, or lignin, both as epoxy monomers and 
hardeners [2]. Epoxidized vegetable oils are readily available among 
bioderived epoxides; yet, because of their high chain mobility, the 
resulting materials have poor mechanical characteristics. [3,4]. Yet, Di 
Mauro and coauthors have shown that by depending on the epoxide 
content in the epoxidized vegetable oil, and by a proper choice of the 
hardner, can be designed materials with a large variety of glass transi
tion values [5–7]. Moreover, these materials shown shape memory 
abilities and are chemical recyclable, reprocessable and repairable (3R). 
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On the other side, lignocellulosic biomass is a source of highly valuable 
aromatic molecules, such as eugenol [8–10], vanillin [11–13], tannic 
acid [14], with an aromatic structure that gives resins exceptional me
chanical strength. However, to isolate these compounds from biomasses 
is laborious and then from a broad perspective, not very sustainable.

Within this context, resorcinol, an aromatic diol that can be readily 
synthesized by fermenting glucose or catechin [15], can meet the need 

for readily available and biobased aromatic molecules and the current 
market demands. Resorcinol can, indeed, be glycidylated into diglycidyl 
ether of resorcinol (DGER) [16] a molecule with a relatively low melting 
point and low cost, making it an optimum candidate to be a building 
block for high-performance biobased thermosets. At date, DGER have 
been photocured with an amine hardener by Nguyen et al. [17] showing 
good thermomechanical properties, or with eugenol glycidyl ether by 

Table 1 
Molecular structures of the selected epoxy molecule, anhydride hardeners, and initiators.
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Modjinou and coauthors [18] resulting in a fully bio-based material with 
antioxidant properties and antibacterial activity against different 
strains. To achieve the highest sustainability as possible, of course, the 
use of biobased hardeners is preferable. In this regard, amine function
alized limonene and eugenol have been assessed for the crosslinking of 
DGER [19]. Fusteş-Dămoc and coauthors [16], instead, have proposed 
chitosan as crosslinker for DGER, obtaining a fully biobased epoxy resin 
with high storage moduli E′ ~3.5− 4.2 GPa and high crosslinking den
sity. Dinu and coauthors [20] also combined the DGER with keratin or 
lignin, that showed a good reactivity with the bisepoxide. The designed 
fully biobased materials have shown glass transitions around 90 ◦C, low 
densities and overall good thermomechanical performances.

Amines, however, are intrinsically more toxic than anhydrides, 
which are attracting the interest of scientists as hardeners [21]. François 
et al. [22] tested six different biobased anhydrides as hardeners for both 
petrol- and bio-based epoxides, including DGER: the formulation was 
optimized using DGEBA as epoxy monomer, and with the selected 
formulation materials with good glass transition temperature and good 
hardness, measured by nanoindentation tests were obtained.

In this work, instead, the DGER curing process has been specifically 
studied in the presence of various anhydrides as hardeners and several 
imidazole initiators. The selected anhydrides were chosen according to 
their potential derivation from biomasses, with the aim of developing 
potentially fully biobased epoxy resins to replace the conventional fossil- 
derived DGEBA-based epoxies. The first phase of the study was con
ducted by analyzing the thermal behavior related to the curing process 
using Differential Scanning Calorimetry (DSC), focusing on the 
achievement of the best result in terms of physicochemical properties. 
More specifically, the main goal of this analysis was the achievement of 
the lowest pre-cure viscosity, the highest degree of reaction conversion, 
and the highest glass transition. The mixture that exhibited the most 
satisfactory results was further studied by chemorheological analysis, 
and a kinetic model for the crosslinking reaction was proposed, based on 
the conversion data obtained by means of ATR FT-IR spectroscopy. In 
addition, the thermomechanical characteristics and chemical stability of 
the DGER-based epoxy resins were also evaluated.

2. Experimental

2.1. Materials

The epoxy monomer, diglycidyl ether of resorcinol (DGER), was 
synthesized through an optimized glycidilation procedure [16]. Itaconic 
Anhydride (IA), Maleic Anhydride (MA), Succinic Anhydride (SA), 
Phthalic Anhydride (PA), N,N-Dimethylbenzylamine (DMBA), 1, 
2-Dimethylimidazole (1,2DMI), N,N-Dimethylaniline (DMAn), Benzox
azole (BXA), 1-Methylimidazole (1MI), 2,4,6-Tris (dimethylamino-
methyl)phenol (DMP30), and 1-Methylpiperazine (1MPIP) were 
purchased by Sigma-Aldrich (France) and used as received without 
further purification. Table 1 shows the molecular structures of the used 
compounds together with their physicochemical properties.

2.2. Sample preparation

Several samples were prepared by curing DGER with different an
hydrides at a molar ratio of 1:2, varying type and amount of initiator. 
The sample preparation was made by mixing DGER with the initiator 
and then adding the previously mortar-ground anhydride hardener. The 
mixture was manually stirred until the anhydride was completely solu
bilized. Bulk materials were then prepared by pouring the mixture into 
silicon molds and cured according to the following program: 1 h at 75 ◦C 
+ 1 h at 100 ◦C + 1 h at 140 ◦C + 1 h at 180 ◦C. A reference sample with 
DGEBA as epoxy monomer, MA as crosslinking agent and 1,2DMI as 
initiator, was prepared following the same protocol.

2.3. Characterization methods

Differential scanning calorimetric analysis (DSC) were conducted 
using a DSC 3 Mettler Toledo apparatus. The cure process was studied by 
performing dynamic measurements from 20 to 200 ◦C at a heating rate 
of 10 ◦C/min on 3 − 5 mg of freshly prepared samples placed in a 40 μL 
aluminum crucible. Further heating and cooling scans between 0 and 
200 ◦C were performed at the same heating/cooling rate, to verify the 
cure completion and evaluate the glass transition (Tg).

A Thermo MARS III rheometer interfaced with an iN20 Nicolet FTIR 
spectrophotometer by a Rheonaut temperature controller was used to 
perform simultaneous rheological and attenuated total reflectance 
infrared spectroscopy (ATR FTIR) analysis. Chemorheological tests were 
performed on plate− plate geometries (with 20 mm in diameter and 1 
mm of gap) at a fixed frequency (ω) of 10 rad/s and deformation (γ) in 
autostrain mode of 1.5 % ± 1.5 %. In the case of dynamic analysis, 
measurements were performed by varying the temperature from 40 to 
200 ◦C and at heating rates of 2 ◦C/min and 10 ◦C/min. In the case of 
isothermal analysis, measurements were performed at five different 
temperatures: 80, 90, 100, 110, and 120 ◦C. The crossover temperature 
or time of the values of storage (G’) and loss (G”) moduli were consid
ered as gelation temperature (Tgel) or time (tgel). Simultaneous ATR FT-IR 
analysis was performed by acquiring single beam spectra in the range of 
4000− 400 cm− 1 with a resolution of 4 cm− 1 and 16 scans. In this way, it 
was possible to monitor and quantify the contribution of the several 
functional groups involved in the curing process.

Subtraction spectra (i.e. the spectrum at t = 0 was subtracted from 
the spectra at different curing times) are performed to monitor and 
isolate the absorbance area under the characteristic peaks of the anhy
dride and ester carbonyl groups as their adsorption bands overlap during 
the process [23]. The anhydride as well as epoxy consumption and the 
ester formation were monitored by integrating the underlying absor
bance area within the region between 1825 and 1749 cm− 1, the region 
between 920 and 850 cm− 1, and the region between 1749 and 1675 
cm− 1 respectively. In particular, the consumption of the anhydride and 
epoxy groups was evaluated by the following equations: 

αANH =
At

ANH − A∞
ANH

A0
ANH− A∞

ANH
(1) 

αEPO =
At

EPO − A∞
EPO

A0
EPO− A∞

EPO
(2) 

where the subscripts ANH and EPO represent respectively the anhydride 
and epoxy groups, while the superscripts 0, ∞ and t represent respec
tively the initial time, final time and the current time. In addition, the 
following equation was used to evaluate the relative ester conversion: 

αEST =
At

EST
A∞

EST
(3) 

where At
EST and A∞

EST indicate the integrated absorbance area from 
subtracted spectra at the current curing time t and at a final plateau 
value, respectively.

Dynamic mechanical analysis (DMA) was performed by using a DMA 
Mettler Toledo apparatus on specimens with dimensions of approxi
mately 49 × 7 × 3 mm3 (length × width × thickness). Samples were 
analyzed in the temperature range − 100 ◦C to 300 ◦C at a heating rate of 
3 ◦C/min. The frequency and the amplitude were respectively 1.0 Hz 
and 20 μm using a three-point bending clamp. From these measure
ments, in addition to the storage modulus (E’), the loss modulus (E”), 
and the damping factor (tan δ), the crosslink density (ν) and the mo
lecular weight between crosslinks (Mc) were calculated using the 
following equations, respectively: 

v=
Eʹ

3R
(
Tg + 50

) (4) 
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Mc =
3ρR

(
Tg + 50

)

Eʹ (5) 

where Tg + 50 is the glass transition temperature in Kelvin, evaluated as 
the temperature at which the maximum value of tan δ is recorded, plus 
50 K, R is the ideal gas constant, ρ is the cured resin density and E′ is the 
storage modulus evaluated at Tg + 50. The density ρ was empirically 
calculated by measuring the volume and weight of specimens used for 
the DMA test.

Hardness tests were carried out following the standard ISO 7619-1, 
ASTM D2240, and ISO 868. A Shore D durometer (Zwick Roell 3116 
Hardness Tester) was used with an applied load force of 50 N ± 0.5 N.

Tensile tests were conducted according to ISO 527-141 and ASTM 
D638-0842 by using an Instron 3365 (Norwood, MA, USA) with a speed 
of 10 mm/min, on specimens of approximately 75 × 10 × 2 mm3 

(length × width × thickness). Tensile parameters as the materials 
strength (σ) and the Young’s modulus (E) were evaluated as an average 
of tests performed on five different specimens.

The amount of absorbed water, Wa, was determined according to 
standard ASTM D57034 on rectangular samples with dimensions of 10 
× 8 × 4 mm3 (length × width × thickness). Samples were dried in an 
oven at 50 ◦C for 24 h and then weighed with a ML3002T Mettler Toledo 
precision balance. Therefore, specimens were entirely immersed in 
distilled water at room temperature for different times. Once removed 
from the water, they were carefully wiped with filter paper and their 
mass was measured. The water absorption was calculated by using the 
following equation: 

Wa =
Wt − W0

W0
(6) 

where W0 represents the initial mass of dried sample and Wt the mass of 
the wet sample after immersion in water.

The gel content (GC) of the cured samples was determined by using 
the solvent extraction method in different solvents. The analyzed sam
ples, with dimensions of 20 × 8 × 4 mm3 (length × width × thickness), 
were dried in an oven at 50 ◦C for 24 h and later immersed in several 
solvents, namely acetone, toluene, methanol, acetonitrile, chloroform 
and tetrahydrofuran. Therefore, the samples were wiped at different 
times with filter paper and weighed with a ML3002T Mettler Toledo 
precision balance. The GC was calculated by using the following 
equation: 

GC=
Ws

W0
(7) 

where W0 represents the initial weight of dried sample, Ws is the mass of 
wet sample after immersion.

2.4. Kinetic modeling of the curing reaction

In case of isothermal analysis, the functional dependence of the 
conversion rate can be regarded as the product of two functions that 
comprise their respective dependence on the temperature T and the 
conversion degree α: 

dα
dt

= k(T) f(α) (8) 

where k(T) is the kinetic constant that encloses the relationship with the 
temperature by assuming the well-known Arrhenius function, while f(α) 
is the function that expresses the reaction mechanism of the curing 
process. The activation energy of the curing process represents the 
minimum energy required to activate the reactant molecules so that they 
may undergo chemical transformation [24]. Under this perspective, this 
parameter can be regarded, according to the transition state theory, as 
the energy difference between the initial molecules at their initial 
configuration and the corresponding transition molecules in their 

activated configuration [25]. Therefore, the Arrhenius equation is suit
able to describe the activation energy enclosed in the rate constant and 
can formally disregard the concentration of the reactants: 

k(T)=A e− Ea/RT (9) 

where A is the pre-exponential factor, R is the universal gas constant, T is 
the temperature and Ea is the activation energy. On the other hand, the 
reaction model reflects the reaction mechanism and, in our case, is often 
described by a nth-order (eq. (10)) or an autocatalytic (eq. (11)) process 
(Kamal’s equation) [26,27]: 

f(α)= (1 − α)n (10) 

f(α)=αm (1 − α)n (11) 

In the first case, the order kinetics indicates a reaction rate proportional 
to the n exponent of the reactant concentration and, therefore, assumes 
that only one reaction occurs during the curing process and leads to 
some limitations as more simultaneous reactions may take place [28,
29].

As it regards the kinetic expression of the reaction rate, in their 
preliminary work, M.R. Kamal and S. Sourour [30] showed that the 
isothermal cure data could be correlated with temperature and time by 
employing the following kinetic equation: 

dα
dt

= k αm (1 − α)n (12) 

where m and n were the reaction orders independent of the temperature, 
while k was the rate constant dependent on the temperature. Subse
quently, M.R. Kamal [31] effectively reported that the cure of both 
epoxy and unsaturated polyester systems could be described by the 
following kinetic equation: 

dα
dt

=(k1 + k2 αm) (1 − α)n (13) 

where k1 and k2 were the rate constants, m and n were the usual reaction 
orders independent of the temperature. According to the first autocat
alytic model (equation (12)), the conversion rate is zero or, at least, very 
small at the beginning of the process and it attains a maximum value at 
intermediate conversion values. The modified Kamal equation (second 
autocatalytic model, equation (13)) takes into account the possibility 
that the initial rate of autocatalytic reactions may not be necessarily zero 
[26,32]. Therefore, while the modified form of the Kamal equation ac
counts also for this eventuality, m and n are still retained as reaction 
orders [32,33]. For this reason, in this work experimental data were 
fitted by autocatalytic model, where the exponent m describes the order 
of the initiation step and the exponent n describes the order of the 
autocatalytic step [28,29]. The equation can be formulated in the form 
of separation of variables: 

dα
αm (1 − α)n = k(T) dt (14) 

In this way, experimental data can be analyzed by the reaction mecha
nism in its integral form: 

g(α)=
∫

dα
αm (1 − α)n =

∫

k(T) dt = k(T) t (15) 

3. Results and discussion

Several curing agents suitable for the epoxy cross-linking process are 
commercially available and mainly include amines, anhydrides, and 
dicarboxylic acids, whose choice depends on key properties such as 
curing time, pot life, viscosity, chemical, mechanical, and thermal 
resistance [34]. Under this perspective, anhydrides represent a more 
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sustainable alternative, compared to amines, yet providing good me
chanical performances to the final product [35]. Therefore, several an
hydrides and varying types and amounts of initiators were tested to 
investigate the curing behavior of DGER, with the aim of achieving the 
highest degree of conversion and the highest glass transition tempera
ture of the resulting thermoset. Related results of this extensive exper
imental campaign are reported in the supporting information (S1 and 
S2) of this manuscript.

3.1. Curing behavior and kinetic evaluation of the DGER-MA-1,2DMI

At the beginning of this study, the DGER-IA system was first chosen 
as a model formulation, and different initiators at 1 wt%, including 
DMBA, 1,2DMI, DMAn, BXA, 1MI, DMP30, and 1MPIP were studied by 
DSC in non-isothermal mode (see SI). Several parameters such as 
enthalpy of reaction (ΔHr), initial (Tin), ending (Tend), peak (Tpeak) tem
peratures, as well as the glass transition (Tg) after curing were evaluated 
(see Table S1 in SI). Among all the tested initiators, mixtures with 
1,2DMI, DMP30, and 1MPIP exhibited the best performance in terms of 
high Tg, narrow temperature range of reaction (ΔT = Tend – Tin) and high 
ΔHr (Table S2 in SI). The 1,2DMI was therefore selected for the main 
investigation as the initiator which resulted in the highest Tg, and several 

compositions were tested: 0.5 wt%, 1.0 wt%, 1.5 wt%, and 2.0 wt%. 
Accordingly, 1.5 wt% 1,2DMI was selected due to a balance between 
enthalpy of reaction and glass transition temperature, and the narrowest 
temperature range of reaction (ΔT = Tend – Tin).

Subsequently, the reactivity of DGER with different anhydrides was 
evaluated. In particular IA, PA, MA and SA, in a 1:2 epoxy to anhydride 
molar ratio (1:1 equivalent ratio) were selected. With regard to the 
hardener choice, IA and MA were characterized by a complete misci
bility with DGER at room temperature, while PA and SA formed viscous 
systems difficult to process as they were soluble only at temperatures 
higher than 50 ◦C. MA was finally chosen as the DGER-MA system 
exhibited the most controllable reaction process between its reactants in 
terms of sharp and monomodal curing peak as well as high enthalpy 
value (see Table S3 in SI).

Overall, from the study of the role of different parameters, such as 
the nature and the amount of initiator, nature of the anhydride on the 
thermal properties of the different epoxy resin formulations (see SI), the 
most promising system was DGER-MA-1,2DMI at 1.5 wt%. The latter 
was then to be further characterized to assess curing kinetics and 
chemical-physical and mechanical properties.

Fig. 1. Evolution of ATR FTIR spectra (left side of the panel) and difference spectra (right side of the panel) of DGER-MA-1,2DMI system heated at 10 ◦C/min in (a 
and b) the regions 1825-1749 cm− 1 and 1749-1675 cm− 1 showing anhydride consumption and ester formation, as well as (c and d) 920-850 cm− 1 range, showing 
epoxy ring opening. For each heating scan, the temperature range was from 25 ◦C to 160 ◦C. (e) Consumption and conversion degrees of reactants and product as 
function of temperature at 2 ◦C/min (blue curves) and 10 ◦C/min (red curves) as measured by ATR FTIR; (f) Conversion degree of the ester group monitored by ATR 
FTIR, and conversion degree monitored by DSC (left axis) compared to storage and loss moduli monitored by rheometer (right axis). All data are obtained at 
10 ◦C/min.
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3.1.1. Chemorheological analysis in non-isothermal mode
In the first series of experiments, the non-isothermal conversions of 

the DGER-MA reacting system in the presence of 1,2DMI were evaluated 
by collecting FTIR spectra upon heating the sample on the rheometer 
stage. In this way, the chemical transformation of the reacting system 

was monitored simultaneously to its viscoelastic behavior. Fig. 1 depicts 
the temperature-dependent evolution of the FTIR spectra collected upon 
curing DGER-MA-1,2DMI. In particular, the spectral regions at 1825- 
1749 cm− 1, 1749-1675 cm− 1 (Fig. 1a and b), and 920-850 cm− 1 (Fig. 1c 
and d) were used to monitor anhydride consumption, ester formation 

Scheme 1. Schematic representation of the curing reaction steps involving DGER and MA in presence of 1,2DMI.
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Fig. 2. Evolution of ATR FTIR spectra (left side) and difference spectra (right side) of DGER-MA-1,2DMI system at 80 ◦C in (a and b) the regions 1825-1749 cm− 1 and 
1749-1675 cm− 1 showing anhydride consumption as well as ester formation and in (c and d) the region 920-850 cm− 1 showing epoxy ring opening.

Fig. 3. Analysis conducted on isothermal ATR FTIR spectra to gather insight about the reaction mechanism: (a) conversion degree, α, as function of the curing time 
and obtained according to equation (3) (lines are guide to the eye); (b) fitting procedure conducted on the reaction mechanism in its integral form g(α) obtained 
according to equation (15) (lines are linear fitting); (c) linear fitting of the logarithm form of the Arrhenius equation. (d) Kinetic parameters obtained by least square 
fitting of the reaction mechanism g(α) for the curing system at several curing temperatures.
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and epoxy ring opening, respectively. In the 1800-1700 cm− 1 range, two 
overlapping peaks are noted, related to the C=O stretching. The peak 
located at 1780 cm− 1 decreases upon curing, as is due to anhydride 
consumption, while the absorption at 1730 cm− 1 increases due to ester 
group formation [36,37]. The complete curing process is evidenced from 
the disappearance of the anhydride and epoxy ring bands as well as the 
plateau attained by the ester peak.

The absorbance area was used to evaluate the anhydride and epoxy 
consumption as well as the ester formation, according to eqs. (1)–(3). 
For both non-isothermal heating experiments, Fig. 1e shows that at 
temperatures lower than 60 ◦C anhydride and epoxy groups conversion 
occurs, while ester formation is still not detectable. This evidence may 
be attributed to the initiation process, in which anhydride and epoxy 
react with 1,2DMI forming zwitterion species (see section S3 in SI). 
Subsequently, during the propagation step (T > 60 ◦C), the ester group 
starts forming due to the reaction of the zwitterions formed in the 
initiation step with anhydrides and epoxides (Scheme 1) [37].

Several authors focused on the temporal evolution of functional 
groups such as those of ester as well as epoxy and anhydride as measured 
by FTIR in non-isothermal mode. Rebei et al. [38] studied the acceler
ating effect of imidazolium metal-based ionic liquids in comparison to 
reference catalysts such as 1-methylimidazole (1-MI) and 1-butyl-3-me
thylimidazolium chloride (1-B-3-MICl). In that study, the 
epoxy-anhydride (DGEBA-methylhexahydrophtalic anhydride 
[MHHPA] system) copolymerization mechanism was investigated by 
means of Near-infrared (NIR) spectroscopy in non-isothermal mode. In 
the case of the 1-MI, it was reported that the ester formation seems to 
exhibit an induction temperature (ca. 80 ◦C) for its formation when 
compared to anhydride consumption. In the present case, interestingly, 
at temperatures of 88 ◦C and 108 ◦C for heating runs at 2 and 10 ◦C/min 
respectively, the curves related to ester formation and the anhy
dride/epoxy proceed at the same conversion rate, suggesting that the 
growth of the network mainly occurs through an alternating copoly
merization mechanism [37]. At temperatures of 115 ◦C and 135 ◦C for 
2 ◦C/min and 10 ◦C/min, respectively, and a conversion extent of 
approximatively 1, the kinetic curves of the reactants and product 
approach simultaneously the final conversion value (Fig. 1e).

The alternating copolymerization mechanism is also confirmed by 
data reported in Fig. 1f. In this case, conversion degree obtained from 
ATR FTIR spectra (ester group) and from DSC data (evaluated according 
to the method proposed in Refs. [39,40]) are plotted together with 
storage and loss moduli (G′ and G″, respectively) obtained from rheo
logical measurements (all measurements performed at 10 ◦C/min). It is 
noticed that the conversion curves nicely overlap over the examined 
range of temperature, suggesting that the reaction enthalpy evolves with 

the ester formation [37]. Regarding the rheological behavior, three 
stages are noticed: at low temperature (up to 110 ◦C), the uncured resin 
exhibits very low moduli values, which are below the detection range of 
the instrument. As the temperature reaches values above 120 ◦C, a 
remarkable increase in both storage and loss moduli is observed, with G′ 
values (107 Pa) being three orders of magnitude greater than G″ values 
(104 Pa), thus indicating the transition from a viscous to an elastic 
behavior. Interestingly, the abrupt increase in G′ takes place only when 
the conversion extent of ester groups achieves a value of 0.3, indicating 
that the polymer crosslinking occurs above this threshold value and an 
interconnected macromolecular structure percolates the entire sample. 
However, from non-isothermal FTIR-rheological measurements no in
formation on the crossover of G’ and G” curves could be obtained. 
Therefore, to gather further insight into the reaction mechanism of the 
system under study, isothermal analysis was performed in the temper
ature range between 80 and 120 ◦C, as discussed in the next section.

3.1.2. Chemorheological analysis in isothermal mode
Fig. 2 depicts the evolution of the FTIR spectra collected upon curing 

DGER-MA-1,2DMI during the rheological isothermal measurements at 
80 ◦C, in the 1825-1749 cm− 1, 1749-1675 cm− 1 (Fig. 2a and b), and 920- 
850 cm− 1 (Fig. 2c and d) spectral regions. Analogously to non- 
isothermal tests, two overlapping peaks related to the C=O stretching 
are present, due to anhydride consumption (1780 cm− 1) and ester for
mation (1730 cm− 1) [36,37]. Moreover, the peak associated with the 
epoxy ring (872-972 cm− 1) completely disappears upon curing, con
firming that the process attains its final extent of cure.

The ester conversion was evaluated according to equation (3) for 
each isothermal run, as reported in Fig. 3a. For higher curing tempera
tures (Tc, i.e. the temperature at which the isothermal analysis is con
ducted), the reaction rate increases, and therefore a higher curing degree 
is attained in a shorter time. The coefficients of the kinetics order (m and 
n) that trivially confer a linear behavior were gathered and the reaction 
rate data were simultaneously fitted according to equation (15) by an 
integral method with minimization of the least square error function. 
The resulting fitting parameters are reported in Fig. 3b. Overall, the 
fitting curves are in good agreement with the experimental data, and 
thus are well described by the autocatalytic model, typical of anhydride- 
cured epoxy resins [37,39]. The best-fitting values obtained for the ki
netic parameters at the several curing temperatures are reported in 
Fig. 3. Exponents m and n were respectively equal to 0.6 and 1.1, with m 
lower than n, indicating that the autocatalytic step is predominant with 
respect to the initiation step [40,41]. A further analysis was conducted 
to retrieve parameters related to the rate constant k (obtained as the 
slope of each curve reported in Fig. 3b). As it is usually performed in case 

Fig. 4. Experimental results from rheological tests: (a) viscosity as function of the curing time; (b) storage (G′, solid line) and loss (G″, dash line) moduli as function of 
the curing time.
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of Arrhenius-type processes, the logarithm of the rate constant was 
plotted against the inverse of temperature (Fig. 3c), providing the values 
of the activation energy, Ea, (63.89 kJ/mol) and the pre-exponential 
factor A (3.54 × 106 s− 1) in good agreement with values already 
observed for similar epoxy/anhydride thermosets [41,42].

Results from the rheological tests of all the isothermal heating ex
periments are reported in Fig. 4. Fig. 4a shows the complex viscosity 
curves, which feature a two-step growth for curing temperatures of 80, 
90 and 100 ◦C, while at higher temperatures a single step takes place. 
Accordingly, G′ and G” (Fig. 4b) follow the same two-step trend at lower 
temperatures. Moreover, the gel time, corresponding to the G′-G″ 
crossover, and the maximum values of G′, decrease with the temperature 

(Table 2).
To shed light on this complex behavior, isothermal DSC runs were 

performed on the same system at Tc of 80 and 100 ◦C. The relative 
thermograms (Fig. 5a) show that the exothermic peaks at 80 ◦C featured 
a bimodal pattern, that became less pronounced as the temperature was 
increased to 100 ◦C. Therefore, the bimodal behavior observed in both 
rheological and DSC measurements is unambiguously peculiar to the 
system cured within this range of temperatures. Focusing on the cure 
behavior of epoxy-anhydride systems initiated by imidazole-based 
compounds, Park et al. [43] isothermally cured an epoxy-anhydride 
system with an imidazole derivative at various temperatures, for both 
stoichiometric and epoxy-rich formulations. When reporting residual 
exothermic peaks for samples cured at 75 ◦C, a bimodal pattern was 
noted during the initial stages of the curing process. This occurrence was 
attributed to two subsequent cure reaction steps, namely esterification 
followed by etherification. Other authors also reported the occurrence of 
etherification when those types of imidazoles interact with the epoxy 
ring [44]. Likewise, we may infer that the two-step mechanism observed 
from the rheological experiments is attributed to these two curing steps 
(Scheme 1). Isothermal ATR FTIR were also monitored to gain further 
insight on this aspect, and the appearance of a broad aliphatic ether 
band was detected in the 1180-1110 cm− 1 region [44], as displayed in 

Table 2 
Maximum value of elastic modulus (G’max), and gelation time (tgel) evaluated by 
rheological tests at different curing temperatures (Tc).

Tc [◦C] G’max [MPa] tgel [min]

80 68 26
90 58 11
100 65 7
110 15 4
120 8 0.9

Fig. 5. (a) DSC thermograms related to the isothermal curing exotherm peaks of DGER-MA-1,2DMI at 80 ◦C and 100 ◦C. (b) Evolution of ATR FTIR spectra, and (c) 
difference spectra of DGER-MA-1,2DMI system at 80 ◦C in the 1180-1100 cm− 1 range, showing the formation of a broad aliphatic ether band.

Fig. 6. Relative epoxy and anhydride conversions as well as ester and ether formations as function of the curing time at (a) 80 ◦C, (b) 100 ◦C and (c) 120 ◦C. Lines are 
guide to eye.
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Fig. 5b for a curing temperature of 80 ◦C.
The evolution of the ether band was normalized as previously shown 

for the ester formation (Fig. 3a) to gain insight on the formation of 
crosslinked structures. The conversion profile was compared to the ester 
formation and epoxy and anhydride conversions (as evaluated from the 
ATR FTIR spectra) as reported in Fig. 6 at 80 ◦C, 100 ◦C, and 120 ◦C. At T 
= 80 ◦C, the anhydride conversion was faster than that of epoxide, 
suggesting that the imidazole favorably interacts with the former group 
at the early stage of the curing process [45,46]. However, this chemo
selectivity was less evident at higher curing temperatures.

As expected, the rate of ester formation was faster than that of the 
ether formation due to the conversion of the secondary OH groups, 
supporting the view that the first step in the curing process is the to the 
alternate co-polymerization mechanism, as also reported by Park et al. 
[39]. After a certain curing time, the ether formation curve intersected 
that of ester formation. In particular, at 80 ◦C the crossover occurred 
after 50 min, which actually corresponded to the beginning of the sec
ond step growth in the viscosity curve reported in Fig. 4a. This finding 
was also accompanied by the observation of a lower degree of conver
sion of epoxy rings compared to the anhydride compound near the end 
of cure (Fig. 6a). Indeed, during the final reaction times, homo
polymerization is further enhanced, and etherification is mainly 
responsible for the build-up of the curing process at 80 ◦C [43]. At 
100 ◦C (Fig. 6b), a similar behavior was noted, however the conversion 
curves of epoxy and anhydrides, and those relative to ester and ether 
linkages approached each other earlier. In fact, esterification and 
etherification occurred in a shorter time, with an anticipated evidence of 
the bimodal behavior, as also observed from the rheological tests 
(Fig. 6). A further increase in curing temperature entails complete 
overlapping of the conversion curves, suggesting the simultaneous 
occurrence of the esterification and etherification processes, consistent 
with the switch of the curing process from a bimodal to a unimodal 
behavior (Fig. 6c).

3.2. Physico-chemical and mechanical properties of DGER-MA-1,2DMI

In the light of the above reported results, a multistep curing protocol 
was employed for bulk resin preparation, according to the protocol re
ported in the Experimental section. The resulting cured samples were 
first characterized in their mechanical performance, by means of DMA, 

shore harness and tensile tests. The DMA test conducted on DGER-MA- 
1,2DMI from − 100 to 250 ◦C allowed to identify the different 
temperature-dependent relaxation processes (Fig. 7). In particular, the 
Tg was identified at 100 ◦C, a temperature consistent with the results of 
DSC analyses reported above, and with literature data for DGER cured 
with a commercial amine hardener [17]. Furthermore, the material 
showed a sub-glassy transition near − 80 ◦C, which for anhydride-cured 
epoxy resins is mainly controlled by the anhydride chain segments 
rather than the epoxy chains [47]. DMA analysis was also used to 
evaluate the crosslinking density (ν) and the molecular weight between 

Fig. 7. Loss modulus (E′), storage modulus (E″) and damping factor (tan δ), for 
DGER-MA-1,2DMI, evaluated by DMA.

Table 3 
Mechanical performance of DGER-MA-1,2DMI and DGEBA-MA-1,2DMI bulk 
samples, compared to literature data for biobased epoxy resins cured with MA.

Tg 

[◦C]*
Hardness 
[Shore D]

E 
[GPa]

σmax 

[MPa]
εmax 

[%]
Reference

DGER-MA- 
1,2DMI

100 76.4 ± 8.3 1.4 ±
0.1

97.7 ±
5.3

9.2 ±
0.7

This work

DGEBA- 
MA- 
1,2DMI

155 N.A. 0.8 ±
0.1

45.5 ±
14

10.7 
± 1.3

This work

Bio-based epoxy
GEEAa-MA 106 N.A. 1.9 ±

0.2
42.4 ±
1.1

3.1 ±
0.5

Huang 
2014

BOMFb- 
MA

34 N.A. 0.4 ±
0.1

14.1 ±
1.0

17.0 
± 2.0

Faggio 
2023

DGEBFc- 
AESOd- 
MA

N.A. 62.7 2.4 32.00 1.02 Kocaman 
2016

*Evaluated as the temperature of the tan δ peak.
a Glycidyl Ester of Eleostearic Acid.
b 2,5-Bis [(Oxiran-2-ylmethoxy)Methyl]Furan.
c Diglycidyl Ether of Bisphenol F.
d Acrylated Soybean Oil.

Fig. 8. (a) Water absorption (WA) and (b) gel content (GC) of DGER- 
DMA-1,2DMI.
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crosslinks (Mc), according to equations (4) and (5). In details, values of ν 
= 3.7 × 10− 3 mol/cm3, and Mc = 373 g/mol (ρ = 1.27 ± 0.3 g/cm3) 
were calculated. The crosslinking density values of the proposed mate
rial is significantly higher than those reported for both petrol-derived 
[48] and bioderived [49] epoxy/anhydride resins. Accordingly, the Mc 
value, is lower than data reported by literature [50,51]. These values 
hint the good mechanical and chemical properties of the material, 
hereafter reported.

In Table 3 the mechanical properties of DGER-MA-1,2DMI are 
summarized, and compared to the DGEBA-based analogous resin, 
DGEBA-MA-1,2DMI. Even though the Tg of the DGEBA-based epoxy 
resin is higher compared to the DGER-based resin, the material shows 
lower values of elastic modulus and strain at break and a comparable 
deformation at break. Different bioderived epoxy molecules, crosslinked 
with the same anhydride, lead to resins with worse mechanical resis
tance [4,52,53]. DGER, on the other hand, allowed to obtain good 
tensile properties by curing with MA, especially as concerns stress and 
ductility. The excellent hardness exhibited by resorcinol based resins are 
related to the presence of the aromatic ring into the crosslinked structure 
[53].

A further characterization on DGER-MA-1,2DMI was conducted to 
evaluate its chemical stability in different solvents. The extent of water 
adsorption and gel content (GC) as a function of time were evaluated by 
gravimetric methods and summarized in Fig. 8. In the early 24 h, the 
water absorption rate was high, and then significantly decreased. After 
26 days a swelling value of about 2 % was recorded. As for GC, its trend 
with time was strongly related to the solvent nature. For all solvents, at 
least 90 % of sample was recovered after 26 days, indicating a highly 
crosslinked material. In particular, the thermoset was completely 
insoluble in methanol (GC of about 100 %), showed good stability in 
toluene, methanol, tetrahydrofuran, and chloroform (about 95 % gel 
content), and was less stable in acetonitrile, for which a GC of 89 % was 
observed after 26 days of soaking.

4. Conclusions

In this work, diglycidyl ether of resorcinol (DGER) was cured with 
four different anhydrides and several imidazole initiators. The cure re
action was studied by DSC and the best formulation, in terms of reaction 
conversion degree, pre-cure viscosity and Tg, was found to be the one 
cured with maleic anhydride in presence of 1.5 wt% of 1,2-dimenthyli
midazole. The cure mechanism of this resin was studied by chemo
reological analysis, and conversion degree was evaluated by monitoring 
the evolution of ATR FTIR spectra as a function of the curing tempera
ture. Data analysis confirmed that the epoxy/anhydride crosslinking 
reaction proceeds through an alternate copolymerization reaction, 
which followed an autocatalytic mechanism. Further, bulk samples ob
tained with the selected formulation showed good mechanical proper
ties, with a shore D hardness of 76, elastic modulus of 1.4 GPa and a 
tensile strength of 98 MPa, as well as low moisture absorption and good 
organic solvent resistance.
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