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ABSTRACT 

A greener strategy for toughening thermoset epoxy resin by the combination of imidazolium based ionic liquid (IL) and a newly 
synthesized salicylic acid (HBA) and triethylenetetramine (HBD) based deep eutectic solvent (DES) is demonstrated in this work. 
DES served as both a fracture-toughening agent and curing activator for IL(1-butyl-3-methylimidazolium chloride, bromide, and 
1-ethyl-3-methylimidazolium acetate) cured epoxy systems, outperforming the traditional triethylenetetramine (TETA)-cured 
systems. Fourier transform infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC) confirmed a single-phase 
curing mechanism, with a 30% increase in glass transition temperature ( Tg ), indicating effective curing. Mechanical properties 
showed marked improvement, with tensile strength increasing by up to 55%, impact strength by 60–235%, and fracture toughness 
by up to 301%, depending on the type of IL involved. Acetate-based IL and TETA systems also showed enhanced properties, albeit 
with slightly lower crosslinking density. Dynamic mechanical analysis (DMA) revealed lower tan delta values, indicative of a 
flexible network and scanning electron microscopy (SEM) confirmed the brittle-to-ductile transition on the fractured surfaces. 
The results demonstrate the potential of DES as a multifunctional additive, leveraging hydrogen bonding, etherification, and 
esterification to enhance epoxy performance. 
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 Introduction 

he increasing demand for sustainable and environmentally
riendly high-performance materials has become a critical focus
n modern materials science. Among thermoset polymers, epoxy
esins (EPs) stand out as advanced matrix materials that offer
xceptional thermal, mechanical, and chemical stability, supe-
ior strength-to-weight and modulus-to-weight ratios, fatigue
trength, damage tolerance, cost-effectiveness and availabil-
ty. These properties require efficient curing agents to form
rosslinked networks with desired mechanical and thermal prop-
rties as per different industrial demands [ 1, 2 ]. In addition to
2026 Wiley-VCH GmbH 
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curing agents, several additives, like reaction accelerators, have
been analyzed and used for the rapid resin infusion process of
composites in high-volume industries. The roles of low viscosity,
low cure rate at room temperature for fast infusion into the mold
cavity, and fast processing are necessary in various industries [ 3,
4 ]. Latent curing agents play a significant role in such conditions,
along with reliable additives as accelerators/catalysts. 

Established curing agents often pose challenges, such as toxicity,
high volatility, and limited control over curing kinetics. Hence,
greener and sustainable alternatives are in demand. Ionic liquids
(ILs), particularly imidazolium-based ILs, have been explored as
1 of 16
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lternative curing agents due to their ability to initiate and control
poxy polymerization through thermally latent mechanisms [ 5 ].
onic liquids were identified as curing agents and reported for
he first time by Spychaj et al. [ 6 ]. However, Rahmathullah et al.
rovided the first evidence of ILs’ function as thermally latent
uring agents [ 7 ]. Since then, numerous studies have explored the
apabilities of ILs in this role, leading to significant advancements
n this field [ 8 ]. Currently, ILs have evolved beyond their use as
atent curing agents, emerging as innovative initiators, functional
uilding blocks for epoxy prepolymers, and a novel class of
poxidized ionic liquid monomers. This progression is driven by
he exceptional constructive interaction between ILs and epoxy
esins (EPs), which has resulted in remarkable improvements in
onic conductivity, fire retardancy, water barrier properties, and
hemical, mechanical, and thermal stabilities [ 9 ]. Imidazolium-
ased ILs engage in multiple reaction pathways, and these
eactions contribute to the polymerization process, which can
roceed via both nucleophilic and base-catalyzed mechanisms
 10 ]. The reactivity and selectivity of these pathways can be
urther modulated by introducing substituents on the imidazole
ing [ 11 ], tailoring the curing behavior and final properties of the
poxy network. 

midazolium-based ionic liquids (ILs) offer notable advantages
s curing agents, including long storage stability and high cur-
ng activity. However, many require curing temperatures above
50◦C, and some of them require temperatures above 200◦C,
hich restricts their usage in temperature-sensitive applications

 12 ]. To address this, dual-functionalized ionic liquids have been
eveloped, which serve as medium- to high-temperature curing
gents with enhanced heat resistance. In addition to their curing
ole, ILs are now being designed to provide added functionalities,
uch as flame retardancy, making them versatile multifunctional
uring agents [ 13, 14 ]. 

espite their potential as curing agents for epoxy resins,
he widespread industrial application of ionic liquids (ILs) is
indered by challenges, such as brittleness and high curing
emperatures. These limitations are particularly significant in
he case of EPs that are inherently brittle and susceptible to
racture, especially in the presence of notches, scratches, or
nternal defects. This brittleness restricts their use in applica-
ions that require high durability and resistance to mechanical
tress. This has prompted extensive research into strategies for
oughening imidazolium-based ILs, including functionalization
ith flexible molecular structures or the incorporation of co-
uring agents and catalysts as additives to enhance fracture
oughness. In this context, modifiers like amino acids [ 15 ], silica
 16 ], graphene oxide [ 17 ], rubber [ 4 ], thermoplastics [ 18 ], and
tyrene [ 1 ] have been trialled. However, such modifications often
esult in the formation of complex supramolecular structures,
hich makes it difficult to elucidate the underlying chemical
echanisms. 

hus, the deep eutectic solvents (DESs) have emerged as sustain-
ble and eco-friendly alternatives to ionic liquids, with applica-
ions extending beyond solvents. DESs are homogeneous liquids
ith low melting points formed by a combination of hydrogen-
ond donors (HBDs) and acceptors (HBAs). The versatility of
BD and HBA combinations allows for tailored formulations for
pecific applications. Although DESs show promise as crosslink-
of 16
ing agents in epoxy resins, their use in this field is still evolving.
Some pioneered in the use of DESs as curing agents, addressing
the limitations of traditional imidazolium salts, such as inflated
cost, complex synthesis, and limited chemical understanding
[ 19 ]. Initial studies focused on DESs based on choline chloride
and urea; however, these required high curing temperatures,
leading to weaker mechanical properties and crosslinking [ 20 ].
To overcome these issues, Spychaj et al. replaced urea with
more reactive compounds such as m-phenylenediamine (MPDA)
and 2,4-diamino toluene (DAT), achieving cured materials with
improved thermomechanical properties [ 21–23 ]. 

Recently, our group reported the first use of a type-V deep
eutectic solvent, which is an amine-functionalized deep eutectic
solvent (DES), as a curing agent for epoxy resin [ 24 ]. Given the
similarities in properties between ionic liquids (ILs) and DESs,
and the recognition of the latter as a cost-effective alternative
to ILs for certain applications, this development opens new
avenues for epoxy resin curing. In this study, we explored the
potential of a salicylic acid/triethylenetetramine DES as a co-
catalyst and fracture-toughening agent in combination with
imidazolium-based ILs, such as 1-butyl-3-methylimidazolium
chloride, 1-butyl-3-methylimidazolium bromide, and 1-ethyl-3-
methylimidazolium acetate, as well as the traditional cur-
ing agent N,N-bis(2-aminoethyl)ethane-1,2-diamine(commonly
known as triethylenetetramine). This work represents the first of
its kind comprehensive investigation on the thermal, mechanical,
and curing behavior of imidazolium ILs in the presence of DES,
offering new insights into the synergistic effects of these systems
for advanced epoxy resin applications. 

2 Experimental 

2.1 Materials Required 

Choline chloride(CC-98%), salicylic acid (SA – 99%), ethanol,
triethylenetetramine(TETA-98%), 1-butyl-3-methylimidazolium
chloride(C4 MImCl), 1-butyl-3-methylimidazolium bromide(C4 
MImBr), are obtained from Tokyo Chemical Industries(TCI),
and 1-ethyl-3-methylimidazolium acetate(C2 MIm][OAc]) and
DGEBA(Bisphenol A Di glycidyl Ether)(98%) obtained from
Sigma Aldrich (Figure 1 ). Choline chloride was kept in a vacuum
oven prior to use for 3 h to ensure low moisture concentration.
All chemicals were used without further purification. 

2.2 Preparation of the DES Curing Agent 

The DES curing agent was prepared based on the modified
version of our previously published method [ 24 ]. Salicylic acid
(SA) was weighed and placed in a vial, followed by dropwise
addition of triethylenetetramine (TETA) in a 1:2 molar ratio
(SA: TETA). The mixture was heated to 60◦C and stirred
at 350 rpm for approximately 30 min until a clear homo-
geneous liquid was formed. After cooling, a yellowish-brown
DES, termed SATETA, was obtained. Throughout the synthesis,
the temperature was carefully controlled using a thermocou-
ple with an accuracy of ± 5◦C. The DES formed from sali-
cylic acid and triethylenetetramine is referred to as SATETA
(Figure 2 ). 
Macromolecular Rapid Communications, 2026
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FIGURE 1 Structure of a) 1-butyl-3-methylimidazolium bromide b) 1-butyl-3-methylimidazolium chloride c) 1-ethyl-3-methylimidazolium acetate 
d) bisphenol A Diglycidyl ether(DGEBA) e) salicylic acid f) triethylenetetramine (TETA) g) choline chloride. 
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.3 Fabrication of Epoxy Resin/Ionic Liquid/DES 
amples 

he ionic liquid (IL) was mixed with DGEBA epoxy resin by
ontinuous sonication at 50◦C for 30 min. A calculated amount
f the prepared DES was added, followed by further sonication
t 600 rpm for 10 min. The mixture was vacuum degassed twice
or 5 min each time. All the compositions were cured in Teflon-
oated steel molds with dimensions of 150 × 150 × 4 mm3 , which
ere pre-treated with a releasing agent (silicon oil or spray) to
nsure easy demolding. The samples were cured in a vacuum
ven at 100◦C for 24 h. For comparative analysis, an identical
rotocol was followed to prepare samples without the DES curing
gent, using only ionic liquids (ILs) as the curing agent. A
ontrol sample was prepared using the traditional curing agent
riethylenetetramine (TETA) under the same conditions. The
acromolecular Rapid Communications, 2026

v

compositions and details of all prepared samples are summarized
in Table 1 , and the step-by-step fabrication procedure is illustrated
in Figure 3 . 

2.4 Design of Experiments 

2.4.1 FTIR Analysis 

FTIR spectra were recorded using a Thermo-Fisher Scientific
Nicolet iS50 spectrometer with a diamond ATR setup, covering
400–4000 cm− 1 at room temperature. The cured epoxy samples
(DGEBA/ILs/DES) were ground, mixed with KBr, and pelleted.
Spectra were collected at 4 cm− 1 resolution, averaging 32 scans.
Data were processed using Origin Pro 2022, and the degree of cure
3 of 16
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FIGURE 2 Proposed structure of the SATETA curing agent. 

TABLE 1 Compositions of the prepared epoxy samples. 

No. 
Samples 

designation 

Ionic liquid/ 
TETA 

Deep eutectic 
solvent 

Ionic liquid/ 
TETA (phr) 

Deep eutectic 
solvent (phr) 

Curing temperature 
(◦C) 

1. IMCL24SA C4 MimCl SATETA 2.4 6 100 
2. IMCL24 C4 MimCl — 2.4 — 100 
3. IMBR24SA C4 MImBr SATETA 2.4 6 100 
4. IMBR24 C4 MImBr — 2.4 — 150 
5. IMAC24SA C2 MIm[OAc] SATETA 2.4 6 100 
6. IMAC24 C2 MIm[OAc] — 2.4 — 100 
7. TESA TETA SATETA 6 6 50 
8. TE TETA — 6 — 100 

FIGURE 3 Schematic representation of the fabrication process for epoxy samples and the resulting cured epoxy. 

4 of 16 Macromolecular Rapid Communications, 2026
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DOC) was calculated using Equation ( 1 ) [ 25 ]. 

DOC = 1 −
(𝐴913 ) 𝑡 

( 𝐴913 ) 0 
x 100 (1)

here ( A913 )t and ( A913 )0 are the areas under the peak of 913 cm− 1

s the main characteristics peak of the epoxy group at time t and
 = 0, respectively 

.4.2 Static Mechanical Analysis 

he tensile, flexural, and impact strengths of the cured epoxy
amples (DGEBA/IL/DES) were investigated. Tensile and flex-
ral tests were performed using a Universal Testing Machine
INSTRON Bluehill, 5 kN) at a crosshead speed of 5 mm min− 1 .
og bone-shaped samples with dimensions of 165 × 12.7 × 3 mm3

ere used for tensile testing, following ASTM D-638. Flexural
roperties were evaluated via three-point bending tests using
amples with 48 × 12.7 × 3 mm3 dimensions, by ASTM D790. The
nnotched Izod impact test was conducted on samples measuring
3.5 × 12.5 × 3 mm3 , following ASTM D-256. For each test, five
amples were evaluated at a crosshead speed of 10 mm min− 1 , and
he average values of their mechanical properties were reported. 

.4.3 Dynamic Mechanical Analysis 

he temperature-dependent viscoelastic properties of the cured
poxy samples, including the storage modulus, loss modulus, and
amping factor (tan δ), were evaluated using a DMA 850 Dynamic
echanical Analyzer (TA Instruments, USA). Measurements
ere conducted at a heating rate of 5◦C min− 1 from 25◦C to
00◦C, with an oscillation frequency of 1 Hz. Specimens with
imensions of 63.5 × 12.7 × 3.0 mm3 were tested in a 35 mm dual-
antilever mode setup, following ASTM D7028. The apparent
ross-linking density, ve , was determined using Equation ( 2 ),
erived from the classical rubber elasticity. The calculated ve
alues were used only for comparison because Equation (2) is
ntended for less-crosslinked polymers, such as rubbers [ 26 ]. 

𝜈e =
𝐸r 
3 𝑅𝑇 

(2)

here Er is the storage modulus in the rubbery state, R is the
niversal gas constant(8.314 J mol− 1 K), and T is the temperature
t which the storage modulus is measured. 

.4.4 Fracture Toughness 

 single-edge-notch bending (SENB) fracture toughness test
as conducted in accordance with ASTM D5045 to determine
he stress intensity factor (KIC ). Specimens with dimensions of
5.0 × 10.0 × 5.0 mm3 were notched using a Ceast NotchVis
achine, followed by pre-cracking at the notch tip via razor blade
liding. The tests were performed on a Shimadzu AG1 Universal
esting Machine (MHO, Netherlands) at a crosshead speed of
0 mm/min, ensuring compliance with the standard’s plane strain
riteria at the crack tip The fracture toughness was expressed in
acromolecular Rapid Communications, 2026
stress intensity factor ( KIC ), using Equation ( 3 ) 

𝐾IC =
𝐿 

𝐵𝑤0 . 5 
𝑓 ( 𝑥) (3)

where 0 < 𝑥 < 0 . 5 

𝑓 ( 𝑥) =
6𝑥0 . 5 

[
1 . 99 − 𝑥 ( 1 − 𝑥 ) 

(
2 . 15 − 3 . 93 𝑥 − 2 . 7𝑥2 

)]

( 1 + 2 𝑥 ) ( 1 − 𝑥 ) 
1 . 5 

(4)

where L is the maximum load at the crack initiation, B is the
thickness of the sample, W is the width of the sample, A is the
crack length and variable x = a/w. KIC (MPa m1/2 ) 

2.4.5 Thermal Analysis 

Thermogravimetric analysis (TGA) was performed using a TGA
8000 (PerkinElmer Instruments Inc.) in ramp mode from 30
to 700◦C at 5◦C min− 1 in a platinum pan to assess the ther-
mal stability and degradation temperatures of the cured epoxy
samples (8–10 mg). Differential scanning calorimetry (DSC) was
conducted using a NETZSCH DSC 204F1 Phoenix (Germany)
at a heating rate of 10◦C min− 1 under a purified nitrogen
atmosphere to evaluate curing behavior, onset temperature, max-
imum curing rate temperature, and total heat of reaction ( ΔHT ).
DGEBA/IL/DES mixtures (2–7 mg) were analyzed in concavus
aluminum crucibles and cooled to 30◦C before heating to 250◦C. 

2.4.6 Morphology Analysis 

The texture of the fractured samples was analyzed using a scan-
ning electron microscope (JEOL JSM6390). Before examination,
the fracture surfaces were spray-coated with a thin layer of
evaporated gold to improve conductivity. All samples were coated
with gold prior to SEM observation. 

3 Results and Discussion 

3.1 Structural Characterization of 
DGEBA/IL/DES 

The curing mechanism of imidazolium-based ionic liquids (ILs)
typically follows three primary pathways: the carbene, imidazole,
and nucleophilic routes (Figure S1 ). However, these mechanisms
are not entirely distinct and may occur concurrently. In the
nucleophilic pathway, the imidazolium ring activates the oxirane
ring, facilitating a nucleophilic attack by the anion. This pro-
cess was enhanced by hydrogen bonding, which increased the
susceptibility of the oxirane ring to nucleophilic attack. In the
N-heterocyclic carbene (NHC) mechanism, deprotonation of the
imidazolium ring generates an NHC species that subsequently
reacts with the epoxy group. Conversely, in the dealkylation
mechanism, the imidazolium ring undergoes dealkylation, lead-
ing to the cleavage of the N-alkyl bond. The resulting species can
directly participate in the crosslinking of DGEBA, distinguishing
this pathway from the other two mechanisms. Notably, the
dealkylation mechanism becomes more prominent at higher IL
concentrations, promoting direct crosslinking within the epoxy
5 of 16
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FIGURE 4 FTIR spectrum of epoxy samples. 
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etwork, whereas the carbene and nucleophilic mechanisms
rimarily lead to network branching [ 27 ]. Hamerton et al. [ 28 ]
eported that carbene formation is significantly more likely to
ccur in an ionic liquid containing acetate anions because acetate
nions possess a higher Lewis base character. However, the p K a
alue for the conjugate acid of chloride is weaker than that
or acetate, meaning that the chloride exhibits a more acidic
haracter [ 29 ]. 

he vibration peak at approximately 1730 cm− 1 corresponds
o the stretching vibrations of the C ═ O bond, suggesting the
egeneration of imidazole or its derivatives within the crosslinked
poxy system (Figure 4 ). This may be due to tautomerization,
hich transforms the epoxy polymer into a structure containing
 carbonyl group. The high curing temperature further facilitated
he degradation of the ionic liquid into imidazole derivatives.
dditionally, the broadness of the peak at 3300–3500 cm− 1 indi-
ates increased intermolecular hydrogen bonding interactions
f the systems. Furthermore, the peak at 915 cm− 1 significantly
iminished, indicating the consumption of the epoxide group,
onfirming the crosslinking reactions. These observations indi-
of 16
cate that imidazole derivatives or carbene species, known for
their high reactivity, can initiate epoxy ring opening if present in
sufficient concentrations. The peaks at 1737 and 1886 cm− 1 can be
assigned to carbonyl vibrations, consistent with the findings of
studies on epoxy resin curing mechanisms involving imidazole.
Modirrousta et al. reported similar absorbances around 1740 and
1800 cm− 1 , linked to aldehyde formation via carbene generation
from imidazolium rings [ 30, 31 ]. However, such peaks are also
observed in amine-cured and imidazole-cured epoxy resins,
suggesting that they may result from the thermal degradation of
epoxy materials rather than being exclusive to a specific curing
mechanism. This complicates the interpretation of the exact
curing mechanism of the imidazolium ionic liquids. 

The peaks observed around 1609 cm− 1 , corresponding to N ─H
bending vibrations, confirmed the formation of secondary and
tertiary amines during the crosslinking process. Additionally,
the presence of salicylic acid in the DES facilitates esterification
reactions between the hydroxyl ( ─OH) and carboxyl ( ─COOH)
groups, as evidenced by the characteristic FTIR peaks at 1737 cm− 1 

(C ═ O stretching) and 1243 cm− 1 (C ─C ─O stretching). The peak at
Macromolecular Rapid Communications, 2026

e C
om

m
ons L

icense



FIGURE 5 N-heterocyclic carbene formation in 1-ethyl-3-methylimidazolium acetate using salicylic acid-triethylenetetramine deep eutectic 
solvent. 
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032 cm− 1 further confirms C ─O stretching, which is indicative of
therification effects within the system. 

wing to the stronger Lewis basicity of the acetate anion
ompared to bromide and chloride ions, carbene formation
s more likely in acetate-containing formulations, potentially
xplaining the shoulder peak observed on the main exothermic
eak in the DSC analysis [ 32 ]. While the acetate anion is
nlikely to function as a strong Brønsted base to deprotonate the
midazolium ring, the addition of deep eutectic solvents (DES)
nhances the peak intensities of imidazolium ionic-liquid-cured
poxy resins by 20%. This increase is attributed to the interactions
etween imidazolium cations, their derivatives, epoxy resin, and
ES. 

he variation in peak intensities between the deep eutectic
olvent (DES)-added epoxy-imidazolium ionic liquid blends and
ure epoxy-imidazolium ionic liquid systems highlights the
ctive role of DES in the curing mechanism. This is primarily
ttributed to salicylic acid, which facilitates the deprotonation
f the ionic liquid, while a base such as triethylenetetramine
bstracts a proton from the imidazole ring, initiating an acid–base
eaction that leads to carbene formation (Figure 5 ). The resulting
ucleophilic N-heterocyclic carbene (NHC) actively participates
n the reaction with the epoxide ring of DGEBA [ 27 ]. The acidic
ature of salicylic acid further promotes this acid–base interac-
ion between the imidazole ionic liquid and triethylenetetramine,
s evidenced by the accelerated curing reaction in the DES-
acilitated systems. Additionally, triethylenetetramine consumes
poxy rings to form secondary and tertiary amines, whereas
alicylic acid contributes to the curing process by promot-
acromolecular Rapid Communications, 2026
ing etherification and esterification reactions. The crosslinking
mechanism is illustrated in Figure 6 . 

3.2 Tensile Strength and Tensile Modulus 

The significant influence of deep eutectic solvents (DES) on the
curing mechanism was clearly demonstrated by static mechan-
ical studies. The DES-enhanced epoxy-ionic liquid (IL) system
exhibited a substantial improvement in tensile strength, with an
increase of 55.5% for chloride-based IL, 28% for acetate-based
IL, and 15% for bromide-based IL. A similar trend was observed
in traditional TETA-cured systems, where the addition of DES
resulted in a 40% enhancement in the tensile strength. The
observed variation in the tensile strength can be attributed to both
the size of the cation and the length of the alkyl chain. Systems
with shorter alkyl chains exhibited higher tensile strengths, as
demonstrated by IMBR24, which achieved a tensile strength
of 65 MPa. When comparing chloride and acetate-based ionic
liquid (IL) systems, those containing chloride ions(IMCL24 and
IMCL24SA) exhibit superior tensile strength relative to those
containing acetate ions(IMAC24SA and IMAC24). This enhance-
ment is likely due to the higher crosslinking density observed in
chloride-based IL systems, as opposed to bulkier acetate-based
IL systems (Table 4 ). Additionally, the improved tensile strength
of chloride- and bromide-based IL systems, compared to acetate-
based IL systems, is directly correlated with their more efficient
packing, resulting in reduced free volume. Furthermore, the
etherification and esterification effects induced by DES predom-
inantly contributed to the increased tensile strength despite the
decrease in the crosslinking density. This phenomenon was cor-
7 of 16
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FIGURE 6 Crosslinking mechanism involving ionic liquid and deep eutectic solvent in DGEBA epoxy resin. 
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oborated in our earlier studies [ 24 ]. The reactive roles of salicylic
cid and triethylenetetramine in the IL-epoxy blend, facilitating
therification and esterification, resulted in longer crosslink
istances, thereby intensifying intermolecular interactions such
s chain entanglements, inter-chain hydrogen bonding, and
ipolar interactions [ 33 ]. The tensile modulus of both the DES-
ontaining IL- epoxy systems and those without DES showed
inimal variation, as both systems exhibited excellent modulus
trength. This suggests that the DES additive does not signifi-
antly influence the modulus strength but primarily enhances
he tensile strength. Consequently, the systems demonstrated
quivalent stiffness and resistance to deformation, as differences
n crosslinking mechanisms had a negligible impact on the
ensile modulus, apart from IMAC24SA, which showed a higher
ensile modulus compared to IMAC24. This is directly reflected
n the large difference in crosslinking density between them.
urthermore, the addition of DES had a limited effect on the
ensile modulus, primarily because, despite the use of an amine-
ased DES additive which typically should enhance crosslinking
ensity, the crosslinking density of the epoxy networks slightly
ecreased due to increased intermolecular distances. Figure 7c
of 16
presents the stress-strain curves of the epoxy compositions. The
addition of DES increased the tensile strength and a reduction in
strain at break, indicating enhanced material stiffness. 

The impact strength, as illustrated in Figure 7d , demonstrates
a significant improvement with the addition of DES, showing
increases of 235% for IMCL24SA, 102% for IMBR24SA, 98% for
IMAC24SA, and 68% for TESA. Similarly, the flexural properties
demonstrated consistent trends, with both flexural strength and
flexural modulus increasing upon the incorporation of DES. The
enhanced performance can be attributed to the involvement of
aromatic rings from salicylic acid in the curing process, increased
esterification, and the presence of strong intermolecular interac-
tions, such as hydrogen bonding, facilitated by the deep eutectic
solvents. These interactions maintain sufficient strength to resist
deformation or fracture under bending or flexural stress. As a
result, the flexural strength increased significantly by 57.49% for
IMCL24SA, 93% for IMBR24SA, and 30% for IMAC24SA. The
smallest increase in flexural strength was observed for TESA at
7.9%, although it exhibited the highest absolute flexural strength
compared to imidazolium ionic liquid-cured epoxy resins. Addi-
Macromolecular Rapid Communications, 2026
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FIGURE 7 (a) Tensile strength of the epoxy samples (b) tensile modulus of the epoxy samples (c) stress–strain plot of the epoxy samples (d) impact 
strength of the epoxy samples. 
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ionally, a notable improvement of 30–90% was observed in the
lexural modulus, as illustrated in Figure 8 , and summarized in
able 2 . 

.3 Fracture Toughness 

igure 8b shows the fracture toughness of the samples expressed
n terms of stress intensity factor ( KIC ). The crosslinking density
xhibited a slight decrease with the addition of DES, which
ontributed to enhanced material toughness. This indicates that
ES functions as a plasticizer for both IL-cured and traditional
ETA-cured epoxy resins, mitigating the inherent brittleness of
poxy—a typically undesirable characteristic in such systems.
urthermore, a significant improvement in the stress intensity
acromolecular Rapid Communications, 2026
factor (KIC ) was observed for all samples upon DES addition.
Specifically, chloride- and bromide-based IL systems (IMCL24SA
and IMBR24SA) demonstrated increases of 195.05% and 300.78%,
respectively. Although crosslinking density and toughness are
generally inversely related, the role of DES in the curing mech-
anism played a prominent role in enhancing the toughness of
these systems. Prior studies have highlighted the effectiveness of
imidazolium-based ionic liquids as fracture toughening agents for
epoxy resins [ 27 ]. In this case, the synergistic interaction between
the ionic liquid and the deep eutectic solvent further amplified
this toughening effect. 

Additionally, it is crucial to emphasize that different ionic
liquids (ILs) exhibit varying reactivity, molar ratios, viscosity,
thermal stability, and miscibility. Specifically, factors such as
9 of 16
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FIGURE 8 (a) Flexural strength and modulus of the epoxy samples and (b) fracture toughness expressed in terms of stress intensity factor ( KIC ). 

TABLE 2 Statistical analysis of the tensile strength (MPa), tensile modulus (MPa), flexural strength (MPa), flexural modulus (MPa) and impact 
properties ( J ). 

Designation 

Tensile strength 

(MPa) 
Tensile modulus 

(MPa) 
Impact strength 

( J ) 
Flexural strength 

(MPa) 
Flexural modulus 

(MPa) 

IMCL24SA 76.49 ± 4.03 1479.57 ± 10.46 0.564 ± 0.08 104.20 ± 4.85 2787.85 ± 38.32 
IMCL24 49.19 ± 2.37 1484.46 ± 12.8 0.168 ± 0.02 66.16 ± 2.13 1470.88 ± 27.27 
IMAC24SA 47.49 ± 1.56 1508.93 ± 10.2 0.682 ± 0.01 78.20 ± 1.71 2566.67 ± 96.13 
IMAC24 37.02 ± 2.09 1033.85 ± 3.10 0.343 ± 0.01 60.86 ± 6.09 1736.40 ± 53.06 
IMBR24SA 70.56 ± 1.49 1568.88 ± 7.85 0.755 ± 0.01 90.21 ± 4.24 2937.69 ± 123.07 
IMBR24 61.12 ± 1.72 1463.13 ± 11.9 0.373 ± 0.06 46.53 ± 1.49 2266.92 ± 87.88 
TESA 51.22 ± 3.27 1648.07 ± 7.25 0.493 ± 0.03 130.59 ± 4.44 3100.44 ± 26.08 
TE 36.49 ± 2.46 1655.41 ± 12.49 0.292 ± 0.01 121.16 ± 1.75 3330.58 ± 42.19 
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olar content, chain length, cation size, and chemical nature
lay a significant role in their interaction with epoxy groups.
hen these factors are considered, the reactivity, curing tem-
erature, and crosslinking density are all influenced, leading to
issimilar behaviors depending on the type of ionic liquid used.
urthermore, the addition of DES may accelerate the reaction
r facilitate direct interactions between DES and IL, potentially
ltering properties such as fracture toughness and other static
echanical performances. 

.4 Dynamic Mechanical Analysis 

ynamic mechanical analysis (DMA) was employed to investi-
ate the viscoelastic behavior of DES-added IL-epoxy materials
nder oscillatory stress as a function of temperature and fre-
uency, offering critical insights into the mechanical response
f IL-epoxy-based systems. Figure 9 demonstrates the storage
odulus, loss modulus and dynamic loss(tan δ) curves of the
amples, and the summary of the DMA results is listed in Table 3 .

he dynamic mechanical analysis revealed a single-step change
n the modulus and a single peak in the tan δ curve for all
poxy samples, indicating the absence of phase separation. The
ncorporation of DES into the IL-epoxy blends resulted in an
0 of 16
increase in the glass transition temperature ( Tg ), consistent
with the trends observed in the DSC results (Table 4 ). The
observed increase in Tg indicates that the material retains its
glassy, rigid state at significantly higher temperatures compared
to systems without DES. This behavior demonstrates rigid-phase
reinforcement and stronger intermolecular interactions, which
restrict segmental chain motion, ultimately resulting in a stiffer
material. 

In chloride-based IL-cured epoxy systems, the addition of DES
led to an increase in storage modulus, indicating that the smaller
chloride cation reduced free volume and enhanced crosslinking
density. Among the three IL-cured epoxy systems, the bromide-
based IL-cured epoxy exhibited the highest storage modulus upon
DES addition. In contrast, the bulkier acetate-based IL-cured
epoxy showed negative effects, including reduced Tg and storage
modulus, due to decreased crosslinking density, which allowed
greater segmental motion and resulted in a less stiff material. 

For the bromide-based IL-cured epoxy, the addition of DES
increased both Tg and storage modulus, although the crosslinking
density slightly decreased. Despite the bromide ion being slightly
larger than the chloride ion, the system exhibited a higher Tg 
(though lower than chloride) and a higher storage modulus than
chloride. This is attributed to the fact that the Tg did not increase
Macromolecular Rapid Communications, 2026
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FIGURE 9 (a) Storage modulus, (b) tan-delta of the epoxy samples at a heating rate of 5◦C/min from 25◦C to 200◦C, with an oscillation frequency 
of 1 Hz. 

TABLE 3 Dynamic mechanical analysis results of CNWs reinforced 
epoxy composites. 

Epoxy 
designation 

Storage modulus Tan δ

Tg (◦C) MPa Tg (◦C) Peak 

IMCL24SA 79.91 1753.13 97.08 0.6511 
IMCL24 48.69 1524.27 62.02 0.9192 
IMAC24SA 106.06 968.504 138.85 0.5849 
IMAC24 108.93 1669.63 156.43 0.3632 
IMBR24SA 72.24 2169.91 99.32 0.6604 
IMBR24 48.72 2153.15 61.63 1.0856 
TESA 85.39 2239.47 102.05 0.6259 
TE 70.49 2480.69 88.30 0.4980 
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s significantly as in the chloride system, while the storage
odulus benefited from the structural modifications induced by
ES. 

n the case of the traditional TETA-epoxy blend, the addition
f DES increased T g but reduced the storage modulus due to
ecreased crosslinking density. This indicates that the intro-
uction of additional amine-based systems does not enhance
rosslinking density but instead reduces the stiffness of the mate-
ial. The ve values calculated according to Equation ( 2 ) are listed
n Table 4 . Table 4 shows that ve value of DES added IL-epoxy
lend has lower than that of IL-epoxy system and TETA-epoxy
ystem except for chloride-based IL-epoxy system. The reduction
n crosslinking density between DES-added and non-DES systems
as relatively minor, indicating that it is not a critical factor in
etermining the overall property trends. Specifically, IMAC24SA,
MBR24SA, and TESA exhibited lower crosslinking density com-
ared to IMAC23, IMBR24, and TE, respectively. Contrary to
ypical trends observed in the literature, tan δ did not show a
acromolecular Rapid Communications, 2026
consistent inverse relationship with crosslinking density in these
systems [ 28 ]. 

Apart from IMAC24SA and TESA, all other DES-added systems
(IMBR24SA, and IMCL24SA) demonstrated a decrease in tan δ.
Since tan δ represents the ratio of viscous to elastic components,
a higher tan δ indicates greater segmental mobility and increased
free volume within the epoxy network. The energy absorption
capacity can be correlated with the height of the tan delta peak,
which corresponds to the point where the difference between
the storage modulus and loss modulus is maximized. At this
point, energy dissipation is significantly higher, reflecting the
material’s ability to absorb and dissipate mechanical energy [ 34 ].
This suggests that the addition of DES resulted in a looser and
more flexible network structure for the IMAC24SA and TESA
compared to its non-DES counterpart. This is consistent with
the flexural strength results showing TESA having the highest
flexural strength among the studied epoxy systems. In contrast,
the other systems (IMBR24SA, and IMCL24SA) exhibited a stiffer
network upon DES addition, as reflected by their lower tan δ
values. 

3.5 Thermal Analysis 

Heat flow curves shown in Figure 10a show a discernible Tg flow
curve and the measured Tg values are summarized in Table 4 . The
Tg values are increased with the addition of DES in all the epoxy
systems. This trend is consistent with the Tg values measured in
DMA analysis. This indicates that the crosslinking mechanism
is largely influenced by the presence of deep eutectic solvent
in producing much stiffer material (reduced segmental motion)
at higher temperature range [ 35 ]. Thermogravimetric analysis
(TGA) and derivative thermogravimetry (DTG) were conducted
to evaluate the thermal stability of the epoxy samples, as illus-
trated in Figure 10b,c , with the corresponding data summarized
in Table 4 . All samples exhibited a single decomposition step,
indicating a single-phase degradation process. The incorporation
11 of 16
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TABLE 4 Glass transition temperature ( Tg ), and crosslinking density ( ve ) and summarized TGA/DTG data of the epoxy samples. 

Sample name Tonset (◦C) Tdec (◦C) T10 (◦C) T50 (◦C) T90 (◦C) 
Weight loss 
(%) at 500◦C Tg (◦C)a 

𝝂𝒆 x 105 
(mol m− 3 )b 

IMCL24SA 360.0 457.5 353.3 416.4698 601.5984 12.27494 131.85 1.9 
IMCL24 411.2 466.4 397.6145 440.3836 472.5247 8.656279 114.23 1.8 
IMAC24SA 394.8 462.1 388.2242 434.0365 654.3719 14.70927 130.27 1.0 
IMAC24 424.9 457.2 422.9949 443.9926 658.3342 14.88544 144.15 1.7 
IMBR24SA 335.5 438.7 344.6052 391.7105 614.3522 13.89186 127.68 2.5 
IMBR24 362.0 460.1 357.8003 421.8513 623.9583 14.96854 123.13 2.6 
TESA 358.8 447.4 369.0549 407.0938 715.8609 17.77661 137.59 2.5 
TE 360.1 443.6 369.8634 405.6674 658.2382 15.85552 125.67 2.8 

a Tg calculated from DSC. 
b ve calculated from DMA. 

FIGURE 10 (a) DSC curves, (b,c) TGA/DTG curves of the epoxy samples. 

12 of 16 Macromolecular Rapid Communications, 2026
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f deep eutectic solvent (DES) resulted in a reduction in the
nset decomposition temperature ( T onset) across all samples.
owever, the decomposition temperature ( T dec) varied slightly
epending on the sample: it was marginally higher for TESA and
MAC24SA but slightly lower for IMBR24SA and IMCL24SA. This
uggests that DES promotes earlier degradation in all samples,
hile the thermal stability is slightly enhanced for IMAC24SA
nd TESA. Further analysis of parameters such as degradation at
ifferent weight loss percentages revealed a decrease in thermal
tability for all samples. This is directly attributed to the reduced
rosslinking density, which facilitates greater polymer mobility
t elevated temperatures, leading to easier bond breaking and,
onsequently, thermal instability. The observed reduction in
hermal stability is due to the catalytic effect of DES in the ionic
iquid (IL)-epoxy curing reactions, as supported by references
 36, 37 ]. The catalytic role of DES in the IL-epoxy system is thus
esponsible for the decreased thermal stability. This is further
orroborated by the thermal data for TESA and TE, which
ndicate that the addition of DES to TESA has minimal impact on
hermal properties but exerts a noteworthy influence in IL-epoxy
ystems, where the catalytic effect of DES plays a dominant role. 

he DSC results clearly highlight the catalytic influence of the
ATETA deep eutectic solvent on the curing behavior of ionic
iquid (IL)/epoxy systems. In comparison with formulations
ontaining only ionic liquids, the systems incorporating DES
isplayed curing exotherms that were both broader and shifted
o lower temperatures. This shift indicates that the epoxy ring-
pening process occurs more readily and that the formation of
he polymer network is accelerated. Such observations point to
 cooperative effect between salicylic acid, triethylenetetramine,
nd the imidazolium-based ionic liquids, which collectively
lter the curing mechanism. This modification likely involves
nhanced proton transfer, hydrogen-bond-mediated activation of
poxy groups, and increased nucleophilic attack on the oxirane
ing. 

omparable findings have been reported in earlier DSC studies
n ionic liquid-cured epoxy systems. For instance, Binks and co-
orkers showed that imidazolium ionic liquids can trigger epoxy
olymerization through several parallel pathways, including
arbene generation and nucleophilic initiation, both of which
mpact the curing profile and exothermic behavior [ 38 ]. Similarly,
odirrousta et al. reported that the presence and structure of

midazolium ionic liquids significantly influence curing kinetics
nd the resulting thermomechanical properties under different
rocessing conditions [ 31 ]. In addition, the study by Dzienia
emonstrated the usefulness of DSC in detecting variations
n onset temperature, peak curing temperature, and enthalpy
hanges in catalytic curing systems [ 34 ]. 

n our work, the inclusion of DES led to noticeably lower
uring temperatures compared to systems containing only ionic
iquids. This effect was particularly evident for chloride- and
romide-based ionic liquids, which conventionally require cur-
ng temperatures exceeding 140–150◦C. The observed reduction
onfirms that SATETA acts not only as a modifier improving
oughness but also as an active co-curing catalyst. Furthermore,
he widening of the DSC exothermic peaks suggests that mul-
iple reactions may occur simultaneously during curing, such
s epoxy–amine reactions, ether formation, esterification, and
acromolecular Rapid Communications, 2026
polymerization promoted by ionic liquids as given in Supporting
Information. These interpretations align well with FTIR results,
which showed increased intensities of hydroxyl, carbonyl, and
ether-related functional groups after curing. 

DSC analysis revealed an increase in the glass transition tem-
perature ( Tg ) for DES-containing systems. This indicates the
development of a more robust and effective network structure,
even though DMA measurements suggested a slight decrease
in apparent crosslink density. This apparent discrepancy can
be explained by the presence of stronger intermolecular forces,
such as hydrogen bonding and aromatic interactions introduced
by salicylic acid. These interactions restrict chain mobility and
contribute to improved thermomechanical performance. 

3.6 Analysis of the Fractured Surfaces 

Figure 11 presents the fracture surface morphology of the epoxy
samples following fracture toughness testing. The fractured
surfaces of samples without DES are shown in Figure 11b,d,f,h ,
revealing relatively smooth surfaces with less pronounced
troughs and riverlines, indicative of minimal deformation and
a typical brittle failure mode. This observation aligns with the
lower fracture toughness, impact strength, and tensile strength
measured for these samples. In contrast, the fractured surfaces
of samples containing DES, depicted in Figure 11a,c,e,g , exhibit
intense riverlines, deeper troughs, and evidence of energy dissipa-
tion mechanisms, suggesting enhanced toughness and strength.
These features demonstrate that the incorporation of DES into
the IL-epoxy system significantly improves toughness without
compromising other mechanical properties. 

Notably, Figure 11g displays zones of plastic deformation (ZPD)
accompanied by microcracks, which serve as initiation points
for fracture. Additionally, Figure 11e reveals the presence of
micropores and pronounced ridges, indicative of a more ductile
fracture behavior. This ductile response is attributed to the
reduced crosslinking density facilitated by the addition of DES.
The deeper ZPD regions with microcracks further corroborate the
increased toughness of the material, highlighting the role of DES
in enhancing the fracture resistance of the IL-epoxy system. 

4 Conclusion 

The role of deep eutectic solvents (DES) in enhancing the
fracture toughness, static, and dynamic mechanical properties
of DGEBA epoxy thermosets is reported. The incorporation of
DES not only catalyzed the curing reaction but also significantly
improved mechanical properties, including impact strength (68–
235% increase), fracture toughness (up to 300% increase), and
tensile strength (10–55% increase). The increase in glass tran-
sition temperature ( Tg ) confirmed enhanced material stiffness
at elevated temperatures. Dynamic mechanical analysis (DMA)
revealed reduced tan delta peaks, indicating a slightly looser
crosslinked network that provided exceptional flexural strength
and stiffness, effectively resisting deformation under stress.
These enhancements are attributed to the modified crosslinking
mechanism and a controlled reduction in crosslinking density
facilitated by DES. Among the ionic liquids, chloride-based
13 of 16
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FIGURE 11 SEM micrographs of fractured surfaces of epoxy samples a) IMCL24SA b) IMCL24 c) IMAC24SA d) IMAC24 e) IMBR24SA f) IMBR24 
g) TESA h) TE. 
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midazolium ionic liquid and bromide-based imidazolium ionic
iquid is producing exceptional tensile, flexural and fracture
oughness performance enhancement with deep eutectic sol-
ent comparing acetate-based imidazolium ionic liquid. This is
eflected in the dynamic mechanical properties including storage
odulus as well. Thermogravimetric analysis (TGA) showed a
ecrease in onset and decomposition temperatures compared to
irgin epoxy samples (without DES), while scanning electron
4 of 16
microscopy (SEM) analysis confirmed the toughened fracture
surfaces with intense troughs and ridges, further validating the
improved toughness of the DES-modified epoxy systems. The
results suggest synergism of DES and IL in curing reaction of the
epoxy and catalyzing the reactions, but a detailed investigation on
the viscoelastic properties is necessary to track the cure kinetics
and the parameters such as gelation and vitrification associated
with different compositions. 
Macromolecular Rapid Communications, 2026
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