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Adrià Roig a, Marco Agizza b, Àngels Serra a,*, Silvia De la Flor b,* 

a Universitat Rovira i Virgili, Department of Analytical and Organic Chemistry, C/ Marcel⋅lí Domingo 1, Edif. N4, 43007 Tarragona, Spain 
b Universitat Rovira i Virgili, Department of Mechanical Engineering, Av. Països Catalans 26, 43007 Tarragona, Spain   

A R T I C L E  I N F O   

Keywords: 
Eugenol 
Cystamine 
Bio-based 
Vitrimers 
Disulfide 
Internal catalysis 

A B S T R A C T   

This study reports the synthesis and characterization of bio-based disulfide vitrimers obtained from diepoxy 
eugenol and cystamine through an epoxy-amine polycondensation process. TREN was added to the formulation 
in varying proportions to increase the crosslinking density. Although TREN reduced the number of disulfide 
groups in the vitrimers, it resulted in a maximum relaxation rate at a proportion of 25%. The vitrimers were 
characterized using FTIR, TGA, and thermomechanical analysis, and their Tg values, determined by DSC, ranged 
from 75 to 103 ◦C with increasing TREN proportion. The vitrimers rapidly relax with a relaxation time (τ) of 8.5 
min at 170 ◦C. The addition of TREN decreased the relaxation times from 2.8 to 1.03 min by catalyzing the 
disulfide metathesis and achieving a balance between the proportion of disulfide bonds and the content of 
nucleophilic tertiary amines. Creep tests were performed at a wide range of temperatures to investigate the 
viscosity of the material below and above the Tgs. The topology freezing temperatures were calculated from the 
creep tests, and Tv values below Tg in all cases confirmed the catalytic effect of tertiary amines on the disulfide 
exchange reaction.   

1. Introduction 

Facing one of the most severe environmental problems today, which 
is the contamination of land and seas with plastic waste, the appearance 
of covalent adaptable networks (CANs) was a way to alleviate this 
problem [1]. Introducing exchangeable groups in the three-dimensional 
network of thermosets allows their reuse and recycling, significantly 
reducing the need for landfill disposal. The literature includes many 
chemically exchangeable groups; among them disulfide group is one of 
the most employed type of exchangeable group [2,3]. 

Although Tobolsky et al. noticed the possibility of stress relaxation in 
vulcanized rubbers in the 1960 s [4,5], disulfide vitrimers were devel
oped from the pioneering work of Klumperman’s group [6,7]. They 
demonstrated that the dynamic exchange reactions based on the disul
fide bonds could be applied in the self-healing of epoxy-thiol thermosets, 
restoring their mechanical properties since disulfide exchange can be 
activated at a moderate temperature without the need for any catalysts. 
However, they concluded the limited applicability of the healing ability 
to low-Tg materials. After these studies, several authors included S-S 
bonds to the network structure to get reshapable and recyclable 

vitrimeric materials. Odriozola et al. reported the repairability, reproc
essability, and recyclability of high Tg fiber-reinforced epoxy composites 
containing disulfide moieties [8]. Starting from commercially available 
DGEBA and 4-aminophenyl disulfide (4AFD), they obtain comparable 
mechanical performance to conventional materials. 

Zhang et al. proved the effectiveness of tri-n-butyl phosphine in 
promoting the metathesis in disulfide epoxy networks. The reprocessed 
polymers showed self-healing ability and similar mechanical properties 
to the original materials [9]. Thus, due to the relatively weak S-S- bond, 
disulfides are the favorite dissociative links to improve self-healing 
properties of materials at mild temperatures [10]. 

Many studies focused on the disulfide exchange mechanism [11]. It 
was demonstrated that phosphines catalyzed disulfide metathesis. By 
quantum chemical studies, they determined that the rate-determining 
step is the nucleophilic attack of the phosphine to a sulfur, forming a 
thiolate and a R3P + -SR cation. The reverse reaction is very fast and 
forms the catalyst and the disulfide bond [12]. In general, when nu
cleophiles are present in the material, there is an acceleration of the 
relaxation phenomena [13,14]. The homolytic cleavage of the disulfide 
bond followed by subsequent radical transfer of sulfur-based radicals 
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has also been confirmed [15]. The presence of carbon radicals, nucleo
philes or free thiols affect the kinetics of disulfide exchange, and the 
mechanism can be dissociative or associative [16]. 

It is known that depending on the exchange mechanism, CANs can be 
divided into two main groups: dissociative or associative. In the first 
case, the mechanism goes through a dissociative pathway, meaning that 
a bond is broken and then formed in another place producing a sudden 
drop in the viscosity caused by the loss of the cross-linking density. In 
the second case, the bond exchange is produced in a concerted manner, 
without losing network integrity and with a gradual decrease of the 
viscosity with temperature [17]. This type of CANs is also named vitri
mers because of their similar behavior with vitreous silica [1]. Never
theless, there are also some exchange reactions that even being 
dissociative, the reforming of the bond is extremely fast, which from a 
physical point of view, a gradual decrease of the viscosity with tem
perature takes place following the Arrhenius law like vitrimers. These 
specific characteristics have been ascribed to vitrimer-like materials 
reported by Dichtel et al. [18]. 

Polysulfide materials could be self-healed and repaired through di
sulfide metathesis at room temperature when tributyl phosphine, pyri
dine, or triethylamine were used as catalysts [13]. However, using low- 
molecular-weight catalysts to accelerate the exchange reactions in vit
rimeric materials presents some drawbacks since they can be exuded 
during the curing process, contaminating the environment. In addition, 
they can be easily eliminated at the high temperatures used in recycling 
and reshaping, reducing the catalytic effect. For this reason, it has been 
proposed the inclusion of nucleophiles, like tertiary amines, in the dy
namic network structure [19]. In this field, Yamawake and co-workers 
reported the effects of internal tertiary amines on a disulfide cross- 
linked network [20]. They could see an enhancement on the creep 
resistance as well as in stress relaxation times when internal tertiary 
amines were incorporated in the polymer structure. 

Using bio-based monomers in preparing recyclable thermosets is 
another excellent contribution to the sustainability of our planet. Most 
monomers are prepared from non-renewable fossil fuels that can be 
exhausted relatively quickly and contribute to global CO2 emissions. The 
use of lignin [21], vanillin [22-24], eugenol [25], or phloroglucinol 
[26], among others, has been explored because the functional groups 
present in these products allow the synthesis of epoxy monomers. Recent 
reviews have been published highlighting the potential of these 
biomass-derived structures [22,27]. Some of these monomers were 
further reacted with 4-aminophenyl disulfide (4AFD), a commercially 
available disulfide source [22]. However, this aromatic diamine is not 
bio-based. As a bio-based disulfide containing amine, cystamine has 
been used. It is commercially available as a salt, but the corresponding 
amine can be obtained by extraction with a base. Torkelson et al. used 
this amine to cure epoxy novolac, obtaining a series of adaptative 
thermoset adhesives. The presence of the exchangeable S-S group 
allowed a significant enhancement in adhesive performance [28]. 
Recently, Guerre and co-workers also used cystamine as a crosslinker for 
the vanillin-based epoxy monomers. They use different proportions of 
cystamine and 4AFD to prepare different materials and could prove that 
the presence of the aliphatic hardener not only favors the curing kinetics 
but also the exchange process reducing the relaxation time (τ0.37) from 
23 min to 22 s by changing the aromatic to the aliphatic amine [29]. 

The present article is devoted to preparing vitrimers from die
poxyeugenol, previously synthesized, and cystamine by a conventional 
epoxy-amine polycondensation. We have added to the formulation 
different proportions of tris(2-aminoethyl) amine (TREN) to increase the 
crosslinking density of the network structure and to increase the pro
portion of tertiary amines that can act as a catalyst in the disulfide ex
change process, thus expecting to increase the relaxation process 
notably. 

2. Materials and methods 

2.1. Materials 

Eugenol (EU), (±)-epichlorohydrin (ECH), benzyl trimethylammo
nium chloride (BTMA), acetic acid anhydride (AcAA), m-chlor
operbenzoic acid (MCPBA), cystamine hydrochloride and tris(2- 
aminoethyl) amine (TREN) were purchased from Sigma-Aldrich. 

Sodium hydroxide (granulated), sodium bicarbonate, potassium 
hydroxide, sodium chloride, magnesium sulphate and absolute ethanol 
(EtOH) were purchased from Scharlau. Dichloromethane (DCM), ethyl 
acetate and ethyl ether (Et2O) were obtained from VWR Chemicals. All 
the reagents were used as received. 

2.2. Preparation of acetyl eugenol (AcEU) 

The synthesis of the diepoxy eugenol (DEPOEU) was made according 
to a reported procedure [30]. In a 250 mL three-neck round bottom flask 
equipped with a magnetic stirrer, thermometer, and reflux condenser, 
eugenol (16.4 g, 0.1 mol) and acetic anhydride (15.3 g, 0.15 mol) were 
reacted at 80 ◦C for 24 h. Once finished, ethyl ether was added, and the 
solution extracted twice with concentrated aqueous solutions of 
NaHCO3 and NaCl. The organic layer was dried over anhydrous MgSO4, 
and the solvent eliminated in a rotary evaporator. The pale orange 
viscous oil product (19.2 g, yield 93 %) was used in the following step 
without any further purification. 

1H NMR (CDCl3; δ, ppm): 6.95 (d, 1H); 6.78 (m, 2H); 5.97 (m, 1H); 
5.11 (m, 2H); 3.82 (s, 3H); 3.38 (d, 2H); 2.31 (s, 3H). (see Figure S1). 

13C NMR (CDCl3; δ, ppm): 169.40, 150.95, 139.12, 138.09, 137.15, 
122.62, 120.78, 116.26, 112.77, 55.90, 40.22, 20.82. (see Figure S2). 

2.3. Synthesis of epoxy acetyl eugenol (EpAcEU) 

The epoxidation of the allyl group of AcEU was done with MCPBA. In 
a 500 mL three-necked flask equipped with magnetic stirrer and ice 
bath, 17.6 g (0.085 mol) of AcEU were dissolved in 20 mL of DCM and 
then a solution of 30.4 g (0.13 mol) of MCPBA in 300 mL of DCM was 
added dropwise. The reaction was maintained at 0 ◦C for 24 h after 
complete disappearance of AcEU. The resulting DCM solution was 
extracted with a solution of NaHSO3, then with concentrated aqueous 
solutions of NaHCO3 and NaCl. The organic layer was dried over 
anhydrous MgSO4, and the solvent eliminated in a rotary evaporator. 
EpAcEU was obtained as a viscous oil in a 95% of yield (18.0 g). 

1H NMR (CDCl3; δ, ppm): 6.96 (d, 1H); 6.84 (m, 2H); 3.81 (s, 3H); 
3.14 (m, 1H); 2.83 (d, 2H); 2.79 (t, 1H); 2.54 (dd, 1H); 2.29 (s, 3H) (see 
Figure S3). 

13C NMR (CDCl3; δ, ppm): 169.27, 151.07, 138.58, 136.35, 122.78, 
121.19, 113.29, 56.00, 52.45, 46.95, 38.76, 20.75 (see Figure S4). 

2.4. Preparation of diepoxy eugenol (DEPOEU) 

In a 250 mL round-bottomed flask equipped with reflux condenser 
and magnetic stirrer, 15.6 g of EpAcEU (0.07 mol) were dissolved in 
45.3 g (0.49 mol) of epichlorohydrin. To this mixture, 5.6 g of NaOH 
(0.14 mol) in 30 mL of EtOH was added and the resulting solution was 
heated at 85 ◦C for 4 h and then left cooling to room temperature. Ethyl 
ether was added, and the salt formed removed by extraction with water. 
Then, the solution was dried over MgSO4 anhydrous, filtered and ethyl 
ether removed in a rotary evaporator. The solid product obtained was 
purified by silica-gel column with a gradient hexane/ethyl acetate 
eluent: 4:1, 3:1, 2:1, and 1:1. The yield of the product after purification 
was 65 %. Melting point was 55.6 ◦C (by DSC). 

1H NMR (CDCl3; δ, ppm): 6.87 (d, 1H); 6.77 (m, 2H); 4.22 (dd, 1H); 
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4.02 (dd, 1H); 3.86 (s, 3H); 3.37 (m, 1H); 3.12 (m, 1H); 2.87 (t, 1H); 2.79 
(m, 3H); 2.73 (dd, 1H); 2.53 (dd, 1H) (see Figure S5). 

13C NMR (CDCl3; δ, ppm): 149.60, 146.85, 131.07, 121.07, 114.34, 
112.88, 70.44, 56.02, 52.65, 50.36, 46.9, 45.04, 38.40 (see Figure S6). 

FTIR (ATR): 1600 cm− 1 (Aromatics); 910 cm− 1 (stretching glycidyl 
band); 835 cm− 1 (stretching epoxide) (see Figure S7). 

2.5. Preparation of the cystamine (Cys) 

For the preparation of Cys, 8.0 g of cystamine dihydrochloride and 
6.0 g of KOH were dissolved in 100 mL of distilled water. After stirring 
for 30 min at room temperature, the resulting mixture was extracted 
four times with DCM. The organic layers were combined, dried over 
anhydrous MgSO4, and filtered. DCM was removed using a rotary 
evaporator obtaining 4.0 g of a yellowish viscous oil called cystamine 
(Cys). The pure cystamine must be used immediately after being ob
tained or it must be kept in a fridge. 

1H NMR (CDCl3; δ, ppm): 2.95 (t, 4H); 2.70 (t, 4H); 1.28 (s, 4H) (see 
Figure S8). 

13C NMR (CDCl3; δ, ppm): 42.55, 40.60 (see Figure S9). 

2.6. General procedure for the preparation of vitrimeric samples 

A series of the disulfide vitrimers were obtained according to the 
following procedure: DEPOEU was melted in a vial by heating at 65 ◦C. 
Then, the stoichiometric amount of mixtures in several proportions of 
Cys and TREN was added to the vial and the mixture was homogenized. 
The viscous mixture was poured into a Teflon mold with dimensions of 
30 × 5 × 1.5 mm3 and cured in an oven for 3 h at 100 ◦C, 1 h at 120 ◦C 
and 1 h at 150 ◦C to obtain transparent solid rectangular samples. The 
materials were coded as X% Cys, where X% means that X% of epoxides 
react with X% of NH groups coming from cystamine and (100-X) % of 
epoxides react with N–H groups coming from TREN. In all samples, the 
stoichiometric epoxy/NH ratio was maintained. 

2.7. Characterization methods 

1H NMR and 13C NMR spectra were registered in a Varian VNMR- 
S400 NMR spectrometer. CDCl3 was used as a solvent. All chemical 
shifts are quoted on the δ scale in part per million (ppm) using residual 
protonated solvent as internal standard (1H NMR: CDCl3 = 7.26 ppm; 
13C NMR: CDCl3 = 77.16 ppm). 

DSC analyses were carried out on a Mettler DSC3 + instrument 
calibrated using indium (heat flow calibration) and zinc (temperature 
calibration) standards. Samples of approximately 8–10 mg were placed 
in aluminum pans with pierced lids and analyzed in an N2 atmosphere 
with a glass flow of 50 cm3 min− 1. Dynamic studies between 30 and 
250 ◦C at a heating rate of 10 ◦C min− 1 were performed to determine the 
melting points. For the determination of the Tgs of the final materials, 
dynamic experiments from 30 to 250 ◦C using a heating rate of 20 ◦C 
min− 1 were performed. 

A Jasco FT/IR-680 Plus spectrometer equipped with an attenuated 
total reflection accessory (ATR) (Golden Gate, Specac Ltd, Teknokroma) 
was used to record the FTIR spectra of the mixture before and after the 
curing procedure. Real-time spectra were recorded in the wavenumber 
range between 4000 and 600 cm− 1 with a resolution of 4 cm− 1 and 
averaged over 20 scans. The disappearance of the characteristic absor
bance peaks of epoxy group at 915 and 830 cm− 1 as well as the 
appearance of the peak corresponding to O–H at 3300 cm− 1 were used 
to confirm the completion of the reaction. 

The thermal stability of the materials was evaluated using a Mettler 
Toledo TGA 2 thermobalance. Cured samples weighing around 10 mg 
were degraded between 30 and 600 ◦C at a heating rate of 10 ◦C min− 1 in 
N2 atmosphere with a flow of 50 cm3 min− 1. 

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

ln(τ) = Ea

RT
− lnA  

where τ is the time needed to attain a given stress-relaxation value 
(0.37σ0), A is the pre-exponential factor, and R is the gas constant. 

To determine the viscosity at each temperature needed for the rep
resentation of the Angell Fragility plot, a series of creep experiments 
were carried out on films at temperatures between 10 ◦C and 190 ◦C, 
increasing 10 ◦C in each scan. To perform the tests, the selected tem
perature was equilibrated for 3 min, and then a stress level of 0.1 MPa 
was applied for 30 min. The viscosity η (Pa⋅s) was then obtained from 
the strain–time graphs. First, the strain rate ἐ was determined from the 
slope of the graph, and the viscosity was calculated using the following 
equation: 

η =
σ
ε  

where σ is the stress applied during the test and ἐ the strain determined 
from the inverse of the slope of the strain–time curves. The viscosity was 
then plotted in front of the temperature, and the topology freezing 
temperature (Tv) was extrapolated by assuming that the viscosity at this 
temperature is 1012 Pa⋅s. 

Finally, the Angell Fragility plot was represented by plotting the 
viscosity in front of Tv/T where the Tv is the one previously obtained. 

3. Results and discussion 

3.1. Synthesis of the diepoxy eugenol (DEPOEU) 

DEPOEU was prepared via a three-step procedure, as reported in the 
literature [30]. Scheme 1 depicts the synthetic way adopted for syn
thesizing this product and the intermediates and the conditions of each 
step. 

As we can see, there is an initial acetylation of the phenol group that 
protects it from undesired oxidation. Quin et al attempted the direct 
route of a first epoxidation of the allyl group, but the reaction mixture 
turned deep colored due to the possible conversion of phenol to quinone 
[30]. For this reason, they adopt this three-step synthetic process. 
Although we followed the same procedure, some experimental changes 
were introduced to improve the yield and purity of the intermediate and 
final compounds. All the synthetic intermediates and the final DEPOEU 
were characterized by NMR spectroscopy, and the corresponding 
spectra are collected in the SI. 

Alternatively, the epoxidation of the allyl group of AcEU could be 
performed by the oxone method, which is more environmentally 
friendly than with MCPBA. In a previous work of our group, a triepoxy 
eugenol derivative was synthesized with good yields by this methodol
ogy [31]. However, the use of MCPBA to obtain EpAcEU resulted in a 
higher yield. 
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3.2. Study of the curing procedure 

The synthesized DEPOEU was cured with stoichiometric proportions 
of mixtures of Cys and TREN as amines of different functionality. 
Scheme 2 collects the chemical structure of both primary amines. 

The composition of the formulations is detailed in Table 1. 
Although adding TREN to the curing formulation reduces the pro

portion of exchangeable disulfide moieties, it also changes the cross
linking density and, consequently, some thermomechanical properties. 
In addition, the presence of the central nitrogen in the TREN structural 
unit can act as a catalyst. It has been established that the mechanical 
properties can be entirely restored after recycling, if 40 mol % of per
manent crosslinks are included in the network structure [32]. Accord
ingly, we hypothesize that the addition of a certain proportion of TREN 
could not be detrimental to the relaxation process. 

The curing process was investigated by DSC and the enthalpy 
released was around 95–100 kJ/eq, which is the typical for an epoxy- 
amine reaction [33,34]. The curing exotherm reach a maximum at 
110 ◦C (Figure S10). Based on these results, the curing schedule selected 
was 3 h at 100 ◦C, 1 h at 120 ◦C, and 1 h at 150 ◦C. 

The completion of the curing was confirmed by successive DSC scans 
to see if there is an increase in Tg, and by FTIR. FTIR spectra of the initial 
mixture of 100%Cys and the corresponding final material is shown in 
Fig. 1, where we can see the disappearance of the epoxy bands at 915 
and 835 cm− 1 and the broad absorption around 3400 cm− 1 due to the 
formation of the OH groups. 

3.3. Thermal characterization of the materials 

Once cured, the materials obtained were first characterized by DSC. 
As expected, increasing the proportion of TREN to the formulation led to 
an increase in the Tg values. Table 2 collects the Tgs of all the materials 
prepared. The DSC traces are shown in Figure S11. 

The thermal stability of the vitrimeric materials was determined by 
thermogravimetry. Fig. 2 shows the TGA curves and their derivatives for 

the materials prepared, and Table 2 presents the most significant data 
extracted. 

Due to the weakness of S-S bond, the higher its proportion, the faster 
the degradation at lower temperatures. In all the samples, there is a first 
degradation step corresponding to the breakage of the S-S bond, while in 
the second step, there is not much difference among the materials since 
all the bonds break simultaneously. 

The thermogravimetric study confirms that safe relaxation processes 
can proceed at temperatures below 200 ◦C. 

3.4. Thermomechanical characterization of the materials 

The thermomechanical characteristics of the materials were deter
mined by DMTA. Fig. 3 shows the evolution of the storage moduli and 
tan δ curves with the temperature for all the materials prepared, and 

Scheme 1. Synthetic steps and reaction conditions used in the preparation of DEPOEU.  

Scheme 2. Chemical structure of the amines used as curing agents.  

Table 1 
Composition of all the vitrimeric materials prepared.  

Sample DEPOEU Cys TREN 

wt (%) mmol wt (%) mmol wt (%) mmol 

100%Cys  76.0  4.23  24.0  2.12  –  – 
85%Cys  76.6  4.23  21.0  1.80  2.4  0.21 
75%Cys  77.3  4.23  18.7  1.59  4.0  0.35 
65%Cys  78.0  4.23  16.4  1.38  5.6  0.49 
50%CyS  79.1  4.23  12.7  1.05  8.2  0.71  

Fig. 1. FTIR-ATR spectra of the 100%Cys initial mixture (blue) and final ma
terial (orange). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Table 2 
Glass transition temperature by DSC, temperature of initial degradation, tem
peratures of the maximum degradation rate and residue at 600 ◦C.  

Sample Tg (◦C) T1%
a (◦C) T2%

b (◦C) Tmax
c (◦C) Char Yield (%) 

100%Cys  74.9  210.1  244.1 273.8/328.0 23.2 
85%Cys  80.9  213.8  250.1 272.9/335.2 25.3 
75%Cys  84.9  225.0  263.8 272.5/335.5 25.5 
65%Cys  90.2  235.4  268.9 277.0/341.8 25.6 
50%Cys  102.9  250.6  270.6 273.4/338.2 25.7 

aTemperature of 1% weight loss. 
bTemperature of 2% weight loss. 
cTemperature of the two maximum rates of degradation. 
dChar residue at 600 ◦C. 
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Table 3 collects the main parameter extracted from these studies. 
As it can be seen, all materials exhibit high Tg values (taken from the 

maximum of the Ttanδpeak) ranging from 88 ◦C for 100%Cys to 106 ◦C 
for 50%Cys. As expected, the higher the proportion of cystamine in the 

material, the lower the Ttanδ since it has a longer chain and fewer 
possible cross-linking points, providing more flexibility to the networks. 
Moreover, when the proportion of Cys is decreased, the E’glassy increases 
due to the higher proportion of TREN in the samples making the ma
terials more rigid. The same trend can be observed in the E’rubbery since 
the higher functionality of TREN increases the storage moduli in the 
rubbery state, which is directly connected to the crosslinking density of 
the material. Looking at the shape of the tanδ curves and the low values 
of FWHM, it can be deduced that all the materials present homogeneous 
and fast transitions. The material with 50%Cys, with a slightly broader 
(higher FWHM) and less intensity (lower height of tanδ peak) indicates 
its more crosslinked structure. 

3.5. Study of the vitrimeric behavior of the materials 

Cystamine contains disulfide bonds in its structure, so it is expected 
to provide final materials with vitrimeric properties through the disul
fide metathesis reaction at high temperatures. To investigate the time 
and temperature-dependent relaxation, stress relaxation tests at 
different temperatures for all materials were performed in the DMTA. 
The results for each material are shown in Figures S12-S16, and the data 
is presented in Table 4. As a mode of comparison, stress relaxation 
curves for all materials at 170 ◦C are represented in Fig. 4. 

As shown in Fig. 4a, intriguing results were obtained regarding the 
relaxation times of the samples. The main data extracted from these tests 
are presented in Table 4. 100%Cys material presents the highest pro
portion of disulfide bonds in its structure, so it is likely the one that 
should relax the initial stress in a faster way. Indeed, it only needs 2.8 
min to achieve the 0.37σ0. However, it was observed that when the 
proportion of Cys is slightly reduced, faster relaxation times are ach
ieved, being 2.75 min for 85%Cys and 1.03 min for 75%Cys. This 
decrease in the relaxation times can be ascribed to the catalytic effect of 
the tertiary amines on the disulfide metathesis exchange. When the 
amount of TREN in the samples increases, the concentration of tertiary 

Fig. 2. (a) Thermogravimetric analysis (TGA) curves and (b) DTG curves of the vitrimeric materials prepared.  

Fig. 3. Evolution of storage modulus and tan δ with the temperature for all 
the materials. 

Table 3 
Main thermomechanical parameters obtained for the different materials.  

Sample E’glassy
a (MPa) E’rubbery

b (MPa) Ttan δ
c (◦C) FWHMd (◦C) 

100%Cys 1890  21.9  88.2  12.5 
85%Cys 2330  26.4  90.7  12.9 
75%Cys 2420  28.8  93.9  13.7 
65%Cys 2550  31.7  97.6  18.8 
50%Cys 2670  39.6  106.4  24.6  

a Storage Modulus in the glassy state at Tg − 50 ◦C. 
b Storage Modulus in the rubbery state at Tg + 50 ◦C. 
c Temperature of the maximum of the of tan δ peak. 
d Full width at the half height of tan δpeak. 

Table 4 
Relaxation time, activation energy and adjusting parameters from Arrhenius plot.  

Material τ0.37
a (min) Ea (kJmol− 1) ln A (min) r2 Tv (η)

b (◦C) Tv (Angell)
c (◦C) nd 

100%Cys  2.80  85.7  22.26  0.991  66.7  77.0  7.12 
85%Cys  2.75  81.5  21.19  0.995  67.1  60.1  4.82 
75%Cys  1.03  95.5  25.34  0.993  34.2  26.8  3.04 
65%Cys  6.30  41.1  9.61  0.971  57.5  57.6  3.09 
50%Cys  8.44  42.9  10.49  0.983  54.4  59.4  1.77  

a Time reach a value of σ/σ0 = 0.37 at 170 ◦C. 
b Topology freezing temperature calculated by extrapolation of the η-T curves. 
c Topology freezing temperature calculated by extrapolation from the adjusting of the Angell fragility plot. 
d Fragility index (nsilica = 16.5). 
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amines in the materials is higher because TREN contains four tertiary 
amines in its structure while cystamine only has two. It is worth high
lighting that a maximum is reached in the 75%Cys material where the 
concentration of disulfide bonds is still high to get a fast relaxation but, 
at the same time, the content of tertiary amines in the network is high 
enough to increase the catalytic effect on the disulfide metathesis. 
Nevertheless, when the proportion of Cys is lowered, a detrimental ef
fect in the relaxation times can be noticed since the amount of disulfide 
bonds is relatively low, even containing a higher proportion of internal 
tertiary amines. Moreover, one can notice that even though the 75%Cys 
material can relax the 63% of the initial stress faster, it cannot achieve 
complete relaxation since the percentage of permanent crosslinks is 
relatively high. In this case, the higher proportion of cystamine in the 
material, the fewer permanent crosslinks in the network and, therefore, 
the more able to fully relax the initial stress. 

A linear relationship between temperature and viscosity is estab
lished when the exchange reactions occur in the materials network. For 
this reason, the stress relaxation times at different temperatures, when 
the materials relax the 63% of the initial stress, were obtained from 
Figures S12-S16. They all follow an Arrhenius-type dependence, like 
vitrimers, which allows calculating the activation energy (Ea) and the ln 
A. These values are also presented in Table 4 and the plot is represented 
in Fig. 4b. 

As seen in Table 4, the behavior of all the materials fit the Arrhenius 
equation with different Ea values depending on the network composi
tion. 75%Cys material has the highest activation energy showing a high 
dependence between the relaxation times and the temperature, meaning 
that a slight temperature change significantly affects the relaxation time, 
which is in accordance with the high content in tertiary amines and 
disulfide bonds. 

The effect of the temperature on the viscosity was also studied 
through creep tests at different temperatures in DMTA for all the ma
terials. Creep tests from temperatures far below the Tg of the materials to 
far above were performed on all the materials. The viscosity (inverse of 
the slope of the ε⋅t curves) was plotted versus the temperature for all 
cases. (Figures S17-S21). 

As seen in these figures, all materials show the same trend where, 
well below the onset of the glass transition, the viscosity of the vitrimers 
follows a somehow linear behavior with temperature. During the tran
sition of the Tg, the bond exchange can be described via William-Landel- 
Ferry (WLF) behavior as the network rearrangement kinetics is 
diffusion-controlled and segmental motions dominate network rear
rangement [35,36]. After that, with a further temperature increase, the 
exchange kinetics change to an exchange reaction-controlled regime. 
Consequently, the disulfide metathesis again follows a linear Arrhenius 

law in all cases.. The topology freezing temperature (Tv) of all materials 
can be calculated from these plots since, by a physical definition, is the 
temperature at which the material reaches a viscosity of 1012 Pa⋅s. All 
Tvs were calculated by extrapolation from the graphs and are depicted in 
Table 4. As shown in the table, all the materials presented Tv values 
below Tgs which is consequent with the viscosity behavior obtained for 
all these vitrimers [37,38]. On the other hand, the Tv can also be 
ascribed to the temperature below which the exchange mechanisms are 
almost negligible [1]. 75%Cys material has the lowest topology freezing 
temperature, which fits with the evidence that a compromise between 
the concentration of disulfide bonds in the network and the proportion 
of tertiary amines enhances the exchange reaction. In addition, it should 
be highlighted that when the content of internal tertiary amines is 
increased in the network (50%Cys and 65%Cys) the Tv is lower than in 
the materials with almost no TREN content (100%Cys and 85%Cys), 
demonstrating a high dependence of the Tv with the internal load of 
catalysts. 

From the results obtained in the creep tests, the Angell fragility plots 
can also be represented (Fig. 5). As it is known, at higher temperatures, 
the chemical exchange reactions control the viscosity of the vitrimers, 
thus producing its gradual decrease as the temperature increase and 
following an Arrhenius law, similar to inorganic silica materials. On the 
other hand, dissociative CANs and thermoplastics evolve abruptly from 
a solid to a liquid state with a sudden viscosity drop when the temper
ature increases. In our case, all the materials experienced a gradual 
decrease in viscosity, meaning that they present vitrimeric-like 

Fig. 4. a) Normalized stress relaxation curves as a function of time for all the materials prepared at 170 ◦C. b) Arrhenius plots for the relaxation times with the 
inverse of temperature for all samples. 

Fig. 5. Angell fragility plots for all the materials prepared.  
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properties [39]. It has been reported that the S-S exchange mechanism 
can also be performed by the attack of a thiolate anion which can be 
generated in the presence of a tertiary amine and the consequent 
nucleophilic attack of this thiolate on another disulfide bond further 
generating another thiolate [20]. This mechanism may provide an 
associative pathway to exchange process which is in accordance with 
the vitrimer-like behavior observed in our materials in the Angell 
Fragility plot. These results indicate that even the mechanism of disul
fide metathesis is purely dissociative, when tertiary amines are cova
lently attached to the network, the mechanism may follow an associative 
mechanism. This can explain the gradual decrease in the viscosity with 
temperature in our materials, thus behaving like vitrimer-like polymers. 
It is important to highlight the novelty of present studies, which were 
performed on bio-based materials that were cured with aliphatic amines 
containing aliphatic disulfide bonds. Even so, these results are in 
accordance with previous studies in aromatic disulfide materials per
formed by Rekondo and co-workers, who reported a similar trend in 
their materials [14]. 

Finally, the Tvs from the linear equations deduced from the Angell 
plot can also be calculated by assuming that the materials reach a vis
cosity of 1012 Pa⋅s and therefore, log(η(Tv)) = 12. The values extracted 
from these extrapolations are shown in Table 4. Logically, all Tvs were 
very similar to those ones obtained from creep tests. 

4. Conclusions 

A bio-based diepoxy eugenol (DEPOEU) derivative was synthesized 
via a three-step method and crosslinked with varying proportions of 
cystamine and TREN via an epoxy-amine condensation reaction. FTIR 
analysis confirmed successful curing and completion of the reaction. The 
resulting materials exhibited high thermal stability (T1% > 210 ◦C) and 
Tgs ranging from 74.9 ◦C (for the 100%Cys) to 102.9 ◦C (for the 50% 
Cys). 

The exchange reaction was facilitated by the disulfide bonds of 
cystamine, with the addition of TREN enhancing the exchange rate. All 
materials could rapidly relax the 63% of the initial stress in less than 8.5 
min. Interestingly, even the 100%Cys material that relaxes more is not 
the one with lower relaxation rates. The addition of TREN and, there
fore, the increase of tertiary amines in the crosslinked structure cata
lyzes the exchange reaction. The 75%Cys material demonstrated the 
optimal balance of S-S bonds and tertiary amines, exhibiting the fastest 
relaxation rate of 63% in just 1.03 min. 

The topology freezing temperature (Tv) was calculated via creep 
tests, being below Tg in all cases. The 75%Cys material exhibited the 
lowest Tv, evidencing the compromise mentioned above. The Angell 
fragility plot also revealed the vitrimeric behavior of all the materials. 
Overall, these results suggest that the DEPOEU-based materials have 
great potential as vitrimers for use in a great variety of applications, such 
as coatings, adhesives, and composite materials. 
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