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Aromatic disulfide-containing epoxy networks offer a promising approach to achieving sustainable
materials due to their reparable, recyclable, and reprocessable properties. However, in all cases, an excess
of hardener is required to achieve full reparability. In this study, a theoretical analysis demonstrates that
when aromatic disulfide is incorporated into the amine hardener, the resulting epoxy vitrimer does not
fully relax due to epoxy group homopolymerization, which leads to the formation of non-dynamic cross-
links. To overcome this limitation, an epoxy monomer containing disulfide bonds was synthesized. This
monomer enables complete relaxation, as the homopolymerized epoxy system also contributes to the
formation of dynamic crosslinks. Using this new monomer, epoxy vitrimers were prepared that can relax
without requiring an excess of amine. However, these materials exhibit inferior properties compared to
those prepared with an aromatic disulfide-based diamine. To enhance their properties, a non-dynamic
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epoxy was introduced into the formulation. Both experimental and computational results demonstrate
that up to 32% of non-dynamic epoxy can be incorporated without compromising dynamic features such
as repairability, reprocessability, and recyclability, making this system significantly more suitable for indus-

Open Access Article. Published on 10 April 2025. Downloaded on 1/21/2026 7:15:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/polymers trial implementation.

1. Introduction

Dynamic chemistry is a rapidly advancing field focused on har-
nessing reversible chemical reactions to create adaptable
materials."® This approach is based on the principle of rever-
sibility, enabling specific chemical bonds to break and reform
under controlled conditions, enabling materials to adapt,
repair, or regenerate themselves as needed. Vitrimers feature
dynamic covalent bonds that provide structural flexibility
without compromising mechanical properties.'®"® The pres-
ence of dynamic covalent bonds grants vitrimers reshaping
capabilities, strength, and recyclability, making them suitable
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for sustainable applications.>*>* By fine-tuning molecular

structures and catalysts, researchers can tailor vitrimers to
meet diverse performance requirements, such as enhanced
toughness and flexibility. Their reversible nature also enables
efficient recycling, offering a promising solution for reducing
material waste. Consequently, vitrimers represent a significant
innovation in materials science, delivering durable, versatile,
and circular solutions across various industries.>> >’

Aromatic  disulfide-containing epoxy vitrimers have
attracted significant attention in materials science due to their
unique properties and wide-ranging applications. These vitri-
mers are defined by the presence of dynamic aromatic di-
sulfide bonds, which play a crucial role in their adaptive behav-
iour and functionality.** *® The incorporation of these bonds
enables rapid stress relaxation and moderate-temperature mal-
leability, providing advantages in reshaping and post-proces-
sing. Notably, aromatic disulfide bonds allow for reconfigura-
tion, recycling, and repair, enhancing both sustainability and
practicality. However, achieving full recyclability and complete
stress relaxation requires an excess of amine in the formu-
lation. 1t is hypothesized that without amine excess, epoxide
homopolymerization becomes more favourable, leading to the
formation of non-dynamic C-O bonds in the polymer back-
bone. These non-dynamic crosslinks hinder full relaxation,
thereby limiting the material’s reprocessability. Indeed,
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Poutrel et al. studied experimentally the effect of controlled
epoxy excess in epoxy-carboxylic acid vitrimers and determined
that the formed polyether network prevented complete stress
relaxation above a certain composition threshold.?”

It is well established that both the proportion and architec-
tural distribution of dynamic bonds in vitrimers are critical in
determining their mechanical properties and overall dyna-
mism. The density of exchangeable bonds, which directly cor-
relates with the percentage of dynamic bonds, has a significant
influence on the material’s dynamic behaviour.>® Given that
the number of successful bond exchanges affects vitrimer per-
formance and adaptability,®®*° it is essential to precisely
control the percentage of dynamic bonds and their exchange
rate to tailor the material’s properties effectively.

The stress relaxation behaviour of a polymer network con-
taining dynamic bonds can be analysed by drawing an analogy
to a decrosslinking process, where the deactivation of network
strands’ elastic activity due to bond exchange is considered
analogous to the reduction in crosslinking density caused by
bond cleavage.”® This approach has been successfully
employed to determine permanent network effects and predict
kinetic trends related to stress relaxation in a wide range of
stepwise vitrimers.**™*® To investigate how network architec-
ture influences bond exchange dynamics and stress relaxation,
it is essential to have a realistic representation of the network
structure, including its repeating units, connectivity, and the
distribution of dynamic and permanent bonds.’” In the
present system, a probable network structure can be con-
structed using network build-up models based on structural
fragments,** combined with a kinetic model that accounts for
epoxy-amine and polyetherification reactions.*>*” By applying
the concept of a permanent network, the effect of composition
on stress relaxation and reprocessing capabilities across
different polymer networks can be assessed.’’ The insights
gained from this modelling approach can help optimize for-
mulations by minimizing the dynamic monomer content
without compromising reprocessing performance.’’ Other
approaches are being develop from other group like the study
of the Guerre et al. that use different content of aromatic/ali-
phatic disulfides to reach the total relaxation of the network.*®
They achieved complete and fast relaxation by incorporating
20% mol of an aliphatic cystamine hardener beside an aro-
matic hardener, whereas the present study demonstrated that
full relaxation can be obtained by incorporating aromatic di-
sulfide bonds directly into the epoxy monomer. While the
cited work leveraged the dynamic nature of aliphatic disulfides
for rapid relaxation, the present study optimized network
design to achieve relaxation without requiring amine excess,
addressing the issue of non-dynamic crosslinks formed via
epoxy homopolymerization.

In this study, we explored the dynamics of aromatic di-
sulfide-based epoxy networks using a combined theoretical
and experimental approach. To our knowledge, this is the first
analysis of hybrid covalent adaptable networks (CANs) formed
through the interplay of stepwise and chain-growth processes
—specifically, epoxy-amine and polyetherification reactions. A
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recent work by Hafner et al. discussed the possibility of defin-
ing disulphide-based epoxy-amine formulations with reduced
dynamic monomer content,*® but the percolation structural
model they used was only defined for stoichiometric systems
neglecting the contribution of the polyetherification. In the
present work, we first examined the formation of permanent
bonds due to the homopolymerization of the non-dynamic
epoxy component in formulations lacking non-reacted amine.
To enhance network dynamics for improved reprocessing and
recycling, we synthesized a novel epoxy monomer incorporat-
ing an aromatic disulfide core. Three systems were developed,
varying the location of the aromatic disulfide (in the epoxy, the
amine, or both), while carefully controlling the ratio of
dynamic bonds. We also investigated the role of excess amine,
comparing its influence on network dynamics to that of di-
sulfide bonds. Six formulations were analysed in terms of
thermal, dynamic, and mechanical properties. Finally, we
theoretically identified an optimal formulation that maximizes
the incorporation of non-dynamic DGEBA to enhance mechan-
ical properties while preserving dynamic features and vali-
dated this experimentally. This comprehensive approach offers
a pathway to cost-effective and sustainable vitrimers with tai-
lored properties.

2. Materials and methods

2.1. Material

Bis(4-hydroxyphenyl) disulfide was purchased from BLD
Pharmatech GmbH (BHPDS). Epichlorohydrin (ECH), benzyl
triethylammonium chloride (TEBAC), anhydrous magnesium
sulfate (MgSO,), deuterated dimethyl sulfoxide (DMSO-d),
4-amino phenyl disulfide 98% (4-AFD, DGEBA Hardener), 4,4'-
methylenedianiline 97% (MDA, BGPDS hardener), dimethyl
sulfoxide (DMSO) and sodium hydroxide (NaOH) were pur-
chased from Sigma-Aldrich. Ethyl acetate (AcOEt) was pur-
chased from Thermo Fisher Scientific. Diglycidyl ether of
bisphenol A based epoxy resin (Epikote Resin EPON 828) was
purchased from Westlake Epoxy. Bis(4-glycidyloxyphenyl) di-
sulfide was synthesized by us. All of the products were used as
received. The NMR of the both epoxies were performed to
check the EEW (Fig. S3 and S47).

2.2. Methods

Using DMSO-d; as a solvent, "H-NMR analyses were performed
using an NMR spectrometer (TM 600) manufactured by Bruker
Ascend, MA. 500 MHz was used to record the 'H-NMR. A
differential scanning calorimeter (DSC) from TA Instruments
(Discovery DSC25 Auto) was used to perform DSC measure-
ments under nitrogen, covering a temperature range of 25 °C
to 220 °C. At a scan rate of 10 and 20 °C min™", the inflection
point of the heat flow step was recorded to determine the glass
transition temperature (7). Using TA Instruments Q500 equip-
ment in a nitrogen environment, the thermogravimetric ana-
lysis (TGA) was carried out at a heating rate of 10 °C min ™"
from 25 °C to 600 °C. The equipment used for the thermo-

This journal is © The Royal Society of Chemistry 2025
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mechanical investigations was a TA Instruments DMA Q800.
The film cantilever beam was used in tension mode, and the
sample films’ average dimensions were 35 x 6 x 1 mm. The
range of temperatures was 25 to 250 °C. The study of tempera-
ture-dependent behaviour involved tracking variations in force
and phase angle while maintaining a constant oscillation fre-
quency (1 Hz) and amplitude (15 pm) inside a linear visco-
elastic area at a heating rate of 3 °C min~'. Additionally,
tensile stress-relaxation tests were conducted using a DMA
Q800 device in tensile mode. To keep the samples straight,
they were first preloaded with a force of 1 x 107 N. 1% of the
specimens’ length was stretched, and the deformation per-
sisted throughout the test. The stress relaxation modulus was
monitored and the reduction in stress was noted. Relaxation
periods were calculated as the amount of time needed to relax
63% of the original stress, based on Maxwell’s model for visco-
elastic fluids. Using the Arrhenius eqn (1), the activation
energy values E, for each vitrimer were determined after the
relaxation durations at each temperature were determined. The
Arrhenius relation indicates that the topological freezing temp-
erature (T,) is defined as the temperature at which the material
attains a viscosity of 10'* Pa s.
Ey
7(T) = tpeRT (1)
Creep tests were carried out using a DMA Q800 device in
tensile mode at different temperatures (200 and T,-50 °C) and
two different stresses (0.5 MPa and 5 MPa). The samples were
equilibrated for 5 minutes at corresponding temperature and
then stressed for 60 minutes and recovered for another
30 minutes. An INSTRON 3365 equipped with Static Axial Clip-
On Extensometer and operated with Bluehill Lite software was
used to perform mechanical tests. Dumbbell type test speci-
mens were used, and tensile strength measurements were per-
formed in accordance with UNE-EN-ISO 527 standard, at an
elongation rate of 1 mm min~". Using different pieces of the
specimens, the reprocessability of manufactured vitrimers was
investigated. The specimens were warmed for five minutes at
200 °C before being hot-pressed. Following that, the heated
specimens were sandwiched between two Teflon-coated metal
plates and hot pressed for five minutes at 200 °C and 40 bar.
Samples were demoulded once they cooled below Tj.

2.3. Synthesis and characterization of the formulations

2.3.1. Synthesis of the bis(4-glycidyloxyphenyl) disulfide.
The synthesis of the bis(4-glycidyloxyphenyl) disulfide used in
the present study was performed following a previously
reported method by our group (Scheme 1).>° 1 eq. of BHPDS

1.TEBAC, 80°C, 2h
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was dissolved in 10 eq. of ECH, then, 0.1 eq. of TEBAC was
added, and the mixture was allowed to react under stirring for
2 h at 80 °C in air atmosphere. Subsequently, the mixture was
cooled down to room temperature. 2.7 eq. of NaOH dissolved
in deionized distilled water (5 M) and 0.1 eq. of TEBAC were
added, and the mixture was allowed to continue reacting
under stirring for 30 min at room temperature. Finally, the
product was extracted with ethyl acetate and dried with MgSO,
and the ECH was removed under reduced pressure using a
condenser connected to a vacuum pump, obtaining the bis(4-
glycidyloxyphenyl) disulfide with a 92% yield. 'H-NMR
(500 MHz, DMSO-dg, 8): 7.41 (m, 4H, Ar-H), 6.99 (m, 4H, Ar-
H), 4.33 (dd, 2H, OCH,), 3.84 (dd, 2H, OCH,), 3.33 (m, 2H, CH
in oxirane), 2.84 (dd, 2H, OCH, in oxirane), 2.7 (dd, 2H, OCH,
in oxirane). ">C-NMR (100 MHz, DMSO-d,, §): 158.62 (Ar CO),
131.87 (Ar C), 127.35 (Ar CS), 115.57 (Ar C), 69.13 (OCH,),
49.57 (s, 2C, CHO in oxirane), 43.74 (s, 2C, CH,O in oxirane).

2.3.2. Synthesis and curing process of epoxy resin with
different dynamic proportion. We studied three different epoxy
vitrimer systems namely EVS1, EVS2 and EVS3 (Fig. 1). Where
the dynamic disulfide is located in the different formulation
components: amine, epoxy or both, respectively. Furthermore,
to assess the effect of the amine excess, two different formu-
lations were prepared for each system (1.0 eq. of amine/epoxy
and 1.2 eq. of amine/epoxy) obtaining a total of 6 different
formulations.

The synthesis of the epoxy networks used in the present
study was performed following previously reported method by
our group.”>* Briefly, the corresponding amount of the epoxy
vitrimers were mixed by heating at 80 °C and degassed under
vacuum (Table 1). The resultant viscous liquid was then poured
between two glass plates separated by a 3 mm silicon joint and
cured at 120 °C for 2.5 hours, and then post-cured at 150 °C for
2 hours. The complete curing of the epoxy vitrimers was con-
firmed by differential scanning calorimetry (DSC), where no
residual exothermic cure peak was observed (Fig. S17).

2.3.3. Effect of non-dynamic part present in the network.
To experimentally assess the effect of the non-dynamic part on
the network, we prepared 5 formulations, namely verification
epoxy systems (VES_X%), containing variable amounts of non-
dynamic part (with X mol% of DGEBA) (Table 2). Following
the same synthetic procedure, the corresponding amount of
the epoxy mixture and amine were mixed by heating at 80 °C
and degassed under vacuum. The resultant viscous liquid was
then poured between two glass plates separated by a 3 mm
silicon joint and cured at 120 °C for 2.5 hours, and then post-
cured at 150 °C for 2 hours. The complete cure of the epoxy
vitrimers was confirmed by differential scanning calorimetry

OH
O,S.SO/ + o}
HO

Scheme 1 Synthesis of the BGPDS.
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Fig. 1 Synthetic schemes of (a) epoxy and amine reaction and (b) polyetherification reaction. (c) Network build-up and connectivity as a function of
epoxy conversion for stoichiometric EVS1 (left), and (d) relevant network parameters as a function of repox,. the epoxy : amine ratio (bottom). When
Iepoxy > 0.847, a non-zero residual XLD is obtained (inset). The gel point (0.57) is marked with a dashed red line.

Table 1 Proportions for the synthesis of the 6 different formulations

Sample  Stoichiometry (NH,/epoxy)  Part A (mol)  Part B (mol)
ESV1 1.0 DGEBA 0.3 4-AFD 0.15
1.2 DGEBA 0.3 4-AFD 0.19
ESV2 1.0 BGPDS 0.28 MDA 0.14
1.2 BGPDS 0.28 MDA 0.16
ESV3 1.0 BGPDS 0.28 4-AFD 0.14
1.2 BGPDS 0.28 4-AFD 0.16

Table 2 Proportions of the materials for the verification of the theorical
prediction

Part A (mol)
Part B (mol)
Sample DGEBA BGPDS MDA
VES_60% 0.078 0.052 0.065
VES_40% 0.052 0.078 0.065
VES_32% 0.040 0.090 0.065
VES_30% 0.039 0.091 0.065
VES_20% 0.026 0.104 0.065

(DSC), where no residual exothermic cure peak was observed
(Fig. S2).

2.4. Network build-up and stress relaxation model

Two types of polymer networks, EVS1 and EVS2, are analysed
using a network build-up and stress relaxation model. In EVS1
system, dynamic bonds are incorporated in the diamine com-

2704 | Polym. Chem., 2025, 16, 2701-2717

ponent, while in EVS2 system, they are present in the epoxy
component.

The network build-up process is modelled by defining a set
of structural fragments that combine according to specific
rules.** This structural model accounts for both the epoxy-
amine reaction (Scheme 2a) and polyetherification
(Scheme 2b).*>™*">3 As shown, the epoxy-amine reaction forms
structures in which amine species with A" bonds are linked to
epoxy species with A~ bonds. Similarly, the polyetherification
reaction can be represented by species with E~ bonds connect-
ing to other species with E' bonds.

The definition of structural fragments can also take into
consideration the symmetry of epoxy and diamine com-
ponents. Taking EVS1 as an example, by defining the internal
bonds DG and S as shown in Scheme 3, the dimers can be
split, providing computational facility.**

A distribution of structural fragments with varying connec-
tivity is generated using a kinetic model, and the resulting
probable network structure is analysed through well-estab-
lished recursive methods.**** Fragments with A" bonds can
only combine with those containing A~ bonds, and similarly,
fragments with E* bonds can only pair with E~ bonds. In con-
trast, fragments with DG bonds can randomly recombine with
each other, as can fragments with S bonds. The likelihood of
different combinations depends on the concentration (or
number) of these bonds at a given time.

The pre-gel network formation process is simulated by cal-
culating the expected weights associated with each bond type at a

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Symmetrical dimers can be split into monomeric structural
fragments for ease of computation of the evolution of the structural
fragments. It is modeled using a set of differential equations represent-
ing the curing kinetics which is assumed to be the same for both
systems as the amine and epoxide compounds in the two systems are
structurally analogous.

given curing extent (which is not considered in this analysis),
while the post-gel network is examined by determining the extinc-
tion probabilities of each bond type.** The extinction probability
of a given bond type, Z;, is the likelihood that a finite branch orig-
inates from this bond outward. The crosslinking density (XLD) is
then determined based on the probability that the different
bonds have infinite continuation, 1 — Z,.

To evaluate the reprocessing capabilities of the different
networks, we apply the permanent network concept.*®®
Dynamic bonds are entirely removed from the system, and the
recursive method is employed to assess the presence of
residual XLD. This residual XLD is used to estimate the frac-
tion of residual stress during a stress relaxation process and to
determine the threshold composition required for full stress
relaxation and complete reprocessing capabilities. For the
EVS1 system, the influence of the epoxy-amine ratio is ana-
lysed, while for the EVS2 system, we investigate the feasibility

This journal is © The Royal Society of Chemistry 2025

of replacing a fraction of the dynamic epoxy monomer with a
conventional, non-dynamic epoxy monomer.

A comprehensive definition of structural fragments, along
with a detailed description of the model mechanics and recur-
sive computation procedures, can be found in the ESI,1 which
also includes the full definition of the structural fragments for
both systems.

3. Results

3.1. Network build-up and stress relaxation model outputs
using aromatic amine disulfide

As previously reported, conventional aromatic disulfide epoxy
vitrimers with dynamic bonding provided by the amine part
(EVS1), which do not contain excess amine in their formu-
lation, are unable to fully relax due to the small amount of per-
manent bonds present in the network (Fig. 1).'®3*°*%¢ This
limitation poses challenges for reprocessing, repairing, and re-
cycling these materials. To confirm that these non-permanent
bonds are attributed to the homopolymerization of the DGEBA
(non-dynamic) part, the following theoretical model was
designed. The network build-up process is modelled by defin-
ing a set of structural fragments that combine according to
certain rules.** This structural model takes into consideration
the epoxy-amine reaction (Scheme 2a) and polyetherification
(Scheme 2b).*>™*7>* As shown, the epoxy-amine reaction leads
to the formation of structures where amine species with A"
bonds are connected to epoxy species with A~ bonds. It can
also be seen that the polyetherification reaction is represented
by species with E~ bonds that are connected to other species
with E" bonds.

The model outputs for the EVS1_1.0 system are summar-
ized in Fig. 2. The network build-up process of a stoichio-
metric epoxy-amine system is represented in Fig. 2a. As
observed, the simultaneous occurrence of epoxy-amine and

Polym. Chem., 2025, 16, 2701-2717 | 2705
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Fig. 2 Studied three epoxy vitrimer systems (EVS). Formulations (left) and schematic representations of the corresponding stoichiometric and non-

stoichiometric networks.

etherification reactions is correctly captured. Polyetherification
becomes relevant once the epoxy-amine reaction has formed a
significant number of hydroxyl groups, eventually leading to
15% etherified epoxy groups and, therefore, a fraction of
unreacted amines. The crosslinking density (XLD) begins to
increase once the gel point is reached at an epoxy conversion
of 0.57 (Fig. 1, left) which is slightly lower than the predicted
value of 0.58 based on the Flory-Stockmayer relation for an
ideal A4-B2 system where polyetherification is not considered.

For the cured network to fully relax, no permanent network
structure should remain after all the dynamic bonds have been
cleaved. This is simulated by removing all disulfide bonds and
calculating the residual XLD by dividing the XLD of the
cleaved network by that of the original network. As seen in
Fig. 1a, a residual XLD becomes apparent once etherification
has occurred to a certain extent (above an epoxy conversion of
0.9). The final residual XLD is 0.16, suggesting that a signifi-
cant permanent network remains after curing, which would
limit the reprocessability of the stoichiometric material.

To analyse the effect of composition, the residual XLD for a
wide range of epoxy:amine ratios has been calculated, along
with the fraction of etherified epoxy and the fraction of reacted
amines (Fig. 1b, bottom). It can be observed that there is a
threshold epoxy : amine ratio (repoxy = 0.847) below which no
residual XLD is present in the cured material. Additionally,
polyetherification occurs even at epoxy : amine ratios as low as
0.5, albeit at a limited rate. As expected, as repoxy increases, the
fraction of polyethers in the cured network also increases,
leading to increasing residual XLD at ratios higher than the
reference value.

These results identify the polyether network as the main
factor inhibiting the network’s dynamicity in EVS1, necessitat-

2706 | Polym. Chem., 2025, 16, 2701-2717

ing the use of an excess of the dynamic amine component to
achieve a material with full dynamic capabilities.

3.2. Redesigning aromatic disulfide epoxy vitrimers:
importance of placing the aromatic disulfide in the correct
place

It is clear that aromatic disulfides are ideal synthetic targets
for obtaining high-T, epoxy vitrimers with fast reprocessability.
However, incorporating the aromatic disulfide into the hard-
ener may not be the best choice due to the significant presence
of homopolymerization in the absence of excess amine. We
hypothesize that incorporating the aromatic disulfide into the
epoxide could potentially avoid issues related to homopolymer-
ization. Therefore, we propose a novel system, EVS2, which
incorporates BGPDS, introducing dynamic disulfide bonds
within the epoxy component (Fig. 2). This design increases the
density of dynamic bonds, enhancing the versatility to pair
with various hardeners. To validate this hypothesis, we per-
formed the curing process and the synthesis as in EVS1
system. Briefly, the corresponding amount of the epoxy
mixture and amine were mixed by heating at 80 °C and
degassed under vacuum and then cured at 120 °C for
2.5 hours, and then post-cured at 150 °C for 2 hours. In this
study, we used MDA, a structural analogue of 4-AFD, as the
curing agent. The curing process was confirmed by DSC
(Fig. S17). Additionally, we compared these two systems with
EVS3, which integrates disulfide-containing monomers in
both parts A and B: the epoxy (BGPDS) and the hardener
(4-AFD) to investigate the combined contributions of these
dynamic components. The properties of EVS1, EVS2, and EVS3
were analysed under two different conditions with and without
an excess of amine, evaluating their thermal, dynamic, and

This journal is © The Royal Society of Chemistry 2025
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mechanical characteristics to understand the effects of the for-
mulations comprehensively.

3.3. Thermal properties

The thermal characteristics of epoxy networks are influenced
by structural and compositional elements such as cross-
linking, interchain cohesive forces, and the stiffness of
polymer segments.”” Thus, by altering the polymer formu-
lation, and consequently their structure, different glass tran-
sition temperature and thermal stability are expected. Hence,
thermal analysis in this study includes T, from differential
scanning calorimetry and dynamic mechanical analysis, and
degradation temperature obtained by thermogravimetric ana-
lysis. A close analysis on the T, values obtained, reveals a
decreasing trend from ESV1 (166 °C) to ESV2 (149 °C) and
ESV3 (136 °C), respectively. We surmise that there is monomer
effect caused by the flexibility presented in the phenyl S-S
bonds, so, when compared to CC bonds, the dynamic phenyl
S-S bond shows greater flexibility, resulting in increased mobi-
lity and a lower 7,,.°>* Such trend repeats for the formulations
containing an amine excess ESV1_1.2 (152 °C) to ESV2_1.2
(131 °C) and ESV3_1.2 (115 °C) which is consistent with the
increase of the chain mobility as a higher proportion of flex-
ible groups is introduced in the formulations due to the
decrease in the crosslinking density.

View Article Online
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As shown below (Fig. 3 and Table S1f) the T, values
decrease when the amount of disulfide bond increases, obtain-
ing higher T, in EVS1 (166 and 152 °C) than EVS2 (149 and
131 °C) and EVS3 (136 and 115 °C). The ratio of epoxy
monomer to diamine hardener was changed in all systems
from 1.0 to 1.2, resulting in a decrease of approximately 20 °C
in the T, value in all cases.

To determine the thermal stability of epoxy vitrimers that
were synthesized, thermogravimetric tests were performed.
According to the TGA results (Fig. 3) the temperature ranges,
when the weight loss was 5%, were 290 °C, 280 °C, 268 °C,
255 °C, and 253 °C. The TGA profiles showed that lower degra-
dation temperatures were associated with higher contents of
aromatic disulfide bonding, which was explained by lower
energetic stability of disulfide bonding (Table S1 and
Fig. S61).°°%* Thus, the increase on disulfide content seems to
lead to a reduction in thermal stability.

It is acknowledged that disulfide bonds have a lower ener-
getic stability,®*®* the results from the TGA analyses in Fig. 3
(see also Table S1 and Fig. S7t) showed that higher the disulfide
content lower is the thermal stability of the networks. In the 3
systems, decrease in the crosslinking density, produced by the
use of a controlled excess of the amine, reduces the thermal stabi-
lity in all cases, regardless of whether concentration of disulfide
bonds in the material increases or decreases.
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3.4. Thermodynamic and dynamic properties

From the temperature ramp and stress relaxation at different
temperatures tests of the materials various concepts were cal-
culated, such as, the crosslink density (vc), the average mole-
cular weight between crosslinks (Myc), activation energy (E,)
and the topology freezing temperature (T,).

The rubbery modulus of vitrimers is a critical parameter
that reflects their unique viscoelastic behaviour, influenced by
dynamic covalent crosslinks.®® At low temperatures, vitrimers
exhibit a high elastic modulus, but as the temperature
increases, similar to conventional thermoset materials, vitri-
mers undergo a gradual transition from a glassy, rigid state to
a rubbery elastomeric phase. This transformation occurs over a
specific temperature range, known as the glass transition
temperature (T,).** In the rubbery state, vitrimers gradually
dissipate stress through bond exchange reactions, allowing the
system to achieve its lowest energy configuration and thus
allowing the reshaping of the materials. A lower rubbery
modulus indicates that a material is softer and more flexible
in its rubbery state, requiring less force to deform and exhibit-
ing greater chain mobility compared to materials with a higher
modulus.®® In vitrimer materials, especially in the ones with
fast exchange kinetics a lower rubbery modulus does not
always indicate a lower crosslinking density. When the
exchange rate is comparable to or faster that the test fre-
quency, the vitrimer material could behave like a viscoelastic
material and the apparent rubbery modulus could decrease in
spite of having high crosslinking density which is the case in
aromatic disulfides. Indeed, the rubbery plateau modulus can
decrease without a reduction in crosslink density. This occurs
because bond exchange enables stress relaxation at timescales
relevant to the measurement, leading to a reduced measured
modulus. Therefore, in those cases the rubbery plateau is
highly affected by both the crosslinking density and the
number of dynamic bonds which does not happen in tra-
ditional thermosets where only crosslinking density impacts
into the rubbery plateau. Table 3 shows that systems with an
excess of amine have a lower rubbery modulus, which makes
the materials more flexible than those with the corresponding
1.0 eq. formulation. We surmise that this stoichiometric
imbalance results in a less crosslinked network and therefore
greater flexibility and chain mobility. EVS2 exhibits the highest
rubbery modulus among the three materials, followed by
EVS1, with EVS3 showing the lowest value. The fact that the
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vitrimer with higher dynamic bond content in Part A (EVS2)
presents higher rubbery modulus than the one where dynamic
bonds are in the hardener (EVS1) suggests that also the
network structure and dynamic bond distribution significantly
affect mechanical behaviour. The low value observed in EVS3
system can be attributed to the high concentration of
dynamics bonds in the system. The swelling tests and gel
content be performed on each sample to see the effect of
soluble fraction. These experiments (Table S47) shows that
samples with amine excess generally exhibit lower gel content,
higher swelling degrees, in accordance with the reduced
rubbery plateau modulus compared to their 1.0 counterparts.
This suggests that the presence of excess amine in the formu-
lation leads to a less tightly crosslinked network, resulting in
decreased mechanical strength and increased solvent uptake.
Despite its low gel content, EVS3_1.2 shows a relatively low
swelling degree compared to other samples, suggesting that
factors beyond crosslink density—such as heterogeneity—may
be limiting its ability to absorb solvent, or due to the high gel
content and low modulus could part of the sample be dis-
solved in the solvent.

As stated above, due to the high density of dynamic bonds,
the observed rubbery modulus can be lower than expected
despite having high crosslinking density. This hierarchy in
rubbery modulus suggests that EVS2 possesses the greatest
stiffness and resistance to deformation in its rubbery state,
likely due to a higher crosslink density or more restricted
chain mobility of the components in the stiffer components in
the formulation. EVS1, with its intermediate rubbery modulus,
strikes a balance between rigidity and flexibility. In contrast,
EVS3, having the lowest rubbery modulus, is expected to be
the most compliant and easiest to deform of the three
materials. These differences in rubbery moduli can signifi-
cantly influence the materials’ mechanical properties, proces-
sability, and potential applications, with EVS2 potentially
offering superior dimensional stability at elevated tempera-
tures, while EVS3 might provide enhanced flexibility and ease
of processing.

A second parameter that has been determined is the cross-
linking density. It is a critical parameter as it influences the
mechanical properties, thermal stability, and swelling behav-
iour of the polymer.®”*® According to the rubbery modulus
and rubber elasticity theory, (Table 3) we observed that the
systems with amine excess exhibit lower v resulting in more
flexible materials than the corresponding 1.0 eq. formu-

Table 3 Calculated different parameters of the six epoxy vitrimeric systems

Stoichiometry Rubbery Degree of crosslinking ~ Molecular weight between ~ Activation energy T,
Sample  (NH,/epoxy) Ty pma (°C)  modulus (MPa)  (molm™) crosslinks (g mol™) (kJ mol™) (°C)
EVS1 1.0 170 28 2660 457 233 169
1.2 149 22 1920 587 156 112
EVS2 1.0 150 36 3203 376 211 137
1.2 132 25 2473 549 201 134
EVS3 1.0 137 26 2378 561 180 116
1.2 123 13 1512 876 166 99

2708 | Polym. Chem., 2025, 16, 2701-2717

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5py00124b

Open Access Article. Published on 10 April 2025. Downloaded on 1/21/2026 7:15:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

lation.®® This is due to the non-reacted amine present in the
1.2 eq. networks that decrease the crosslink density of the
samples and suggests notable differences in their network
structures. According to the rubber elasticity theory, EVS2 exhi-
bits the highest crosslink density, followed by EVS1, while
EVS3 has the lowest.”® This hierarchy suggests that EVS2 is the
most rigid and mechanically robust, likely displaying higher
stiffness and thermal stability. In contrast, EVS3, with its lower
crosslink density, is expected to be more flexible and easier to
process but may exhibit reduced mechanical strength and
chemical resistance.”””* EVS1, sitting in between, balances
rigidity and flexibility, offering intermediate properties. These
variations highlight the impact of crosslink density on the
physical and functional behavior of the materials.®®®° As it has
been discussed above the calculation of crosslink density in
vitrimers using rubber elasticity theory is less accurate than in
classical thermosets due to the presence of dynamic bonds,
which can lead to a decrease in the rubbery plateau.

To assess the dynamicity of the EVS, stress-relaxation
experiments at different temperatures were performed, finding
that all systems exhibited linearity and followed Arrhenius

1,0
- —EVS1_1.0
] ——EVS2_1.0
0,8- ——EVS3_1.0

10 100
Time (s)

Fig. 4 Normalized curves of stress relaxation at 200 °C of the stoichio-
metric systems.
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equation within the temperature range studied. As expected,
the activation energy for the non-stoichiometric networks was
lower than the corresponding stoichiometric counterparts.
This is in agreement with the base-catalyzed promotion of the
disulfide exchange,’®”” resulting in materials with lower temp-
erature dependency.

To study the effect of the location of the dynamic moiety in
the network component, we selected a representative temperature
for stress relaxation experiments, 200 °C, and compared the
different behaviours for each stoichiometric EVS (Fig. 4 and 5). As
first hypothesized, EVS1 is not able to fully relax, as evidenced by
a plateau around 0.2, which we attribute to the homopolymeriza-
tion of the epoxy part. Interestingly, when incorporating the
dynamic moiety into the epoxy part (EVS2), the network is able to
fully relax (green). This suggests that even if homopolymerization
occurs, the presence of dynamic disulfides in the epoxy com-
ponent allows the dynamic exchange in the whole network.
Consequently, the presence of disulfides in both parts, EVS3,
leads also to full relaxation (pink).

The relaxation times are direct indicators of the dynamicity
of each system. Faster times are obtained for EVS3, then EVS2
and EVS1, respectively. This is consistent with the dynamic di-
sulfide content (100%, 66% and 33%, respectively) but is also
influenced by the intrinsic network characteristics already dis-
cussed above, with key factors like chain mobility, crosslinking
degree or rubbery modulus.

The non-stoichiometric systems exhibited two distinct
behaviours. For both EVS1 and EVS3, the excess amine leads
to faster relaxation times, from 77 s to <5 s and 6 s to <5 s,
respectively. Such trait is in agreement with (i) an increase of
dynamic disulfide content in the formulation (from 33% to
38% for EVS1) and (ii) the disulfide bond exchange activation
by the basic amine. Interestingly, EVS2 exhibited the opposite
trend: the formulation with amine excess showed similar relax-
ation times compared to its stoichiometric counterpart (25
and 27s, respectively). In this system, the dynamic disulfide is
present in part A (the epoxy), and increasing the amine to 1.2
equivalents reduced the dynamic proportion in the formu-
lation (from 66% to 63%), which could explain the longer
relaxation times for the system containing an amine excess.
Noticeably, even though the epoxy part is dynamic, it seems
that the amine excess that would promote the basic-catalysed
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Fig. 5 Normalized curves of stress relaxation at 200 °C of (a) EVS1 (b) EVS2 and (c) EVS3 for 1.0 and 1.2 stoichiometries studied.

This journal is © The Royal Society of Chemistry 2025

Polym. Chem., 2025, 16, 2701-2717 | 2709


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5py00124b

Open Access Article. Published on 10 April 2025. Downloaded on 1/21/2026 7:15:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

disulfide exchange in not so noticeable as in the counterpart
EVS1.

To gain a deeper understanding of the dynamic behaviour
of all the systems, we conducted creep resistance tests on the
materials above and below T,. It is well known that highly
dynamic materials tend to exhibit greater strain when exposed
to stress, with minimal recovery at temperatures exceeding
their glass transition temperature.”>””” For that purpose, creep
testing was carried out in two stages. In the first, the sample is
subjected to a constant stress of 0.5 MPa or 5 MPa at the
corresponding temperature to observe the deformation; in the
second, the recovery is recorded without applying any stress.
Upon deeper analysis of the test results, it becomes evident
that the creep above T, increases as the amount of disulfide
bonds rises. From 11% (EVS1_1.0) of final deformation up to
around 27% (EVS3_1.0). In other words, materials with a
higher concentration of disulfide bonds exhibit greater dyna-
mism, making them easier to deform and maintain this defor-
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mation. On the other hand, at temperatures below T, all
samples exhibit a final strain of less than 0.5%. Based on
Fig. 6, it can be concluded that none of the samples show
creep at lower temperatures. In summary, all formulations
demonstrate excellent creep resistance, characterized by high
strain above T, and negligible creep below T,. Additional data
and details are provided in the ESI (Table S57).

3.5. Reprocessability

Vitrimers are known for their ability to be reshaped and
recycled while maintaining the desired chemical and mechani-
cal properties of crosslinked polymers, making them a focus of
recent research.”®®° The reprocessing conditions were consist-
ent across all systems. Each sample was broken and then sub-
jected to heat and pressure (40 bar at 200 °C for 5 minutes). In
all cases, the samples were successfully rejoined into a single
piece. However, as shown in Fig. 7, significant differences
between the samples were observed, attributed to the dynamic
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Fig. 6 Creep recovery test above T, (200 °C and 0.5 MPa) for (a) 1.0 formulation and (b) 1.2 formulations and below T, (T4-50 °C and 5 MPa) for (c)

1.0 formulation and (d) 1.2 formulations.
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Fig. 7 Reprocessing scheme for the different materials. Resulting films for each formulation (b) EVS1, (c) EVS2 and (d) EVS3.

nature of the systems. Generally, systems with a higher content
of dynamic bonds exhibited better reprocessability, resulting
in more cohesive and unified films, consistent with the DMA
and stress-relaxation data. The degradation of the samples was
checked using FTIR (Fig. S15-S17%) and no-degradation in
their structures was observed.

3.6. Mechanical properties

While disulfide bonds are known for their role in self-healing
and reprocessing properties, the relationship between the
amount of disulfide bonds, their location and mechanical per-
formance is not straightforward.®"*> Some studies suggest that
a higher number of disulfide bonds can enhance mechanical
properties in materials like polyurethane elastomers.®'
However, other research indicates that a trade-off may exist
between self-healing capability and mechanical performance
when it comes to the exchange of dynamic disulfide bonds.*
Hence, tensile and flexural tests were conducted to evaluate
the mechanical properties of the three epoxy systems studied
herein, with the goal of determining the impact of dynamic
bonds on their mechanical performance (Fig. 8). In our pre-
vious work,”" we demonstrated that epoxy resin containing aro-
matic disulfides in the hardener, similar to EVS1 system,
present similar mechanical properties to reference epoxy
resins. Taking this into account, in the present study,
EVS1 has been considered as the reference.

The tensile and flexural modulus in vitrimers is determined
by a combination of structural and dynamic factors (Fig. S187).
By tailoring these parameters, the material’s stiffness and
mechanical performance can be optimized for specific appli-
cations. Not only dynamic bond content, but also crosslink
density and polymer backbone structure, influence these pro-
perties. Derived from these, we also have the stress-relaxation
behaviour. It is clear how the percentage of disulfide bonds
significantly influences the mechanical properties, resulting in
lower tensile and flexural stress as the amount of the dynamic
bond increases. However, in the case of the modulus this
difference is negligible, with all of the cases showing similar
modulus and no significant differences. Therefore, we can con-
clude that materials with a higher percentage of dynamic

This journal is © The Royal Society of Chemistry 2025

bonds exhibit lower tensile and flexural stress at failure.
However, their tensile and flexural modulus remain
unchanged, indicating that stiffness is not affected. While this
suggests that dynamic bonds may influence the material’s
ability to deform and dissipate energy, a detailed analysis of
the stress-strain curves is necessary to determine whether
these materials are indeed more ductile or tough.

3.7. Study of the limit of BGPDS in the formulations

As previously observed, the incorporation of the aromatic di-
sulfide into the epoxide increases the density of dynamic
bonds, and in this particular case, the homopolymerization of
the epoxide does not have any negative impact on the dynamic
behaviour. However, the incorporation of large amounts of aro-
matic disulfide decreases substantially the mechanical pro-
perties and more importantly, due to the high cost of this
monomer, the prepared resins are not cost-effective. We
hypothesize that, as in this case, since all the crosslinking
points are dynamic, maybe we could potentially reduce the
amount of dynamic aromatic disulfide and still keep the full
dynamism through all the networks. To do so we envision that
we can replace part of the aromatic disulfide containing diep-
oxide, with a commercial non-dynamic epoxide such as
DGEBA (Fig. 9). Before starting to test different proportions,
we resorted to theoretical methods to assess the limit where
the network is fully dynamic, achieving the best dynamic pro-
perties, while incorporating the highest amount of DGEBA to
improve mechanical properties in a cost-effective manner.

As explained in section 3.1., to evaluate the reprocessing
capacities of various networks, we utilize the permanent
network concept.?>*® For this particular system, when a stoi-
chiometric formulation is considered, it is of interest to know
the extent to which the dynamic BGPDS component can be
replaced by its non-dynamic counterpart, DGEBA, without
sacrificing reprocessability. The definition of structural frag-
ments, and the kinetic-structural model are provided in the
ESIL.T In Fig. 10 the residual XLD is plotted as a function of the
dynamic epoxy molar fraction, defined as fy (see the ESIf for
its use in the model). As can be seen, the model simulations
reveal that the dynamic monomer fraction should be kept

Polym. Chem., 2025,16, 2701-2717 | 271
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Fig. 8 Comparison of the mechanical properties of the six formulations studied herein. Tensile stress for (a) 1.0 formulation and (b) 1.2 formulation.

Flexural stress for (c) 1.0 formulation and (d) 1.2 formulation.
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Fig. 9 Formulation of VES with varying contents of DGEBA and the schematic representation of the resulting stoichiometric network.

above 0.68 to ensure no residual XLD remains. In other words,
the model predicts that the dynamic epoxy can be substituted
by up to 32% (mol/mol) of its non-dynamic counterpart
without sacrificing the reprocessability.

To corroborate this method and to obtain an optimal
material, 5 different formulations were synthesized (VES_60%,
VES_40%, VES_32%, VES_30% and VES_20%) and analysed
the dynamic properties by DMA by observing the stress relax-
ation at 200 °C. We envision that the materials with <32% mol
of non-dynamic bonds must relax totally while the others have
enough permanent bonds to have a gap between the stress
relaxation curve and the 0.

2712 | Polym. Chem., 2025, 16, 2701-2717

Indeed, the results shown in Fig. 11 are in full agreement
with the theoretical model presented. First, the curve shows a
complete relaxation in the formulations with less than
32 mol% DGEBA and second, a significant amount of perma-
nent bonds (>6%) in the formulations with more than
32 mol% DGEBA were observed. Thus, the theoretical model
proposing that the optimal formulation without excess amine
with the best dynamic and mechanical properties is the formu-
lation with 32% mol DGEBA, 68% mol BGPDS and 1.0 eq. of
MDA, is verified. The relaxation times were also fitted to KWW
model, to observe the fitting and the relaxation times distri-
bution (Fig. S191) and from the model information we could

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Decrease in fractional residual crosslinking density as a function
of dynamic epoxy molar fraction. Theoretically, the material is fully
reprocessable if no residual crosslinking remains.

extract that the VES_60% formulation exhibits more non-
dynamic crosslinks, leading to a rigid, stable structure with
slower relaxation and a more uniform relaxation process (indi-
cated by a lower stretching exponent (). In contrast, the
VES_20% formulation contains more dynamic -crosslinks,
allowing for faster, more flexible relaxation and a broader dis-
tribution of relaxation times (indicated by a higher ). This be-
havior is characteristic of vitrimers or dynamic polymers,
where reversible crosslinking enables self-healing and better
processability. Thus, VES_60% behaves more like a thermoset,
offering rigidity and slow relaxation, while VES_20% demon-
strates dynamic behavior similar to dynamic polymer net-
works, exhibiting faster and more complex relaxation. For the
rest of the samples, the corresponding behaviour was
observed, increasing the relaxation time distribution (decreas-
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ing B) when less content of non-dynamic epoxy was added,
indicating a more dynamism.

Finally, to complete the characterization and corroborate
that the thermal and mechanical properties were improved
compared to EVS2_1.0, the T, was measure by DSC having the
same value as the reference EVS2_1.0 (150 °C) and the tensile
and flexural strength of this formulation (VES_32%) were
measured (Fig. 12). The new VES_32% formulation, as
expected, exhibited improved mechanical properties compared
to EVS2. The differences were significantly greater, with the
tensile strength increasing from 46 MPa to 56 MPa, and the
flexural strength improving even more, almost doubling, from
65 MPa to 104 MPa.

120
mEVS2

= VES_32

104

100 A

Stress (MPa)
[} [0}
o o

N
o
1

N
o
1

Tensile

Flexural

Fig. 12 Mechanical properties of VES_32% and comparation with
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(a) Normalized stress relaxation curve at 200 °C of the VES formulations. (b) Comparison of structural ESV systems and VES and their dyna-
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4. Conclusions

This study demonstrated that conventional epoxy vitrimer for-
mulations based on aromatic amine containing disulfide
bonds, without amine excess, fail to achieve full relaxation due
to non-dynamic crosslinks formed by homopolymerization as
demonstrated by permanent network modelling. We also
showed that by introducing the aromatic disulfide into the
epoxy monomer, it is possible to achieve full relaxation of the
network as homopolymerization does not impact in the relax-
ation behaviour, thus maintaining their recyclability and
reprocessability. Our findings show that increasing the concen-
tration of disulfide bonds the glass transition temperature and
mechanical strength decrease, resulting in a softer and more
flexible material with enhanced dynamic behaviour. This
trade-off allows for fine-tuning vitrimer formulations to priori-
tize recyclability or mechanical performance for specific appli-
cations. Interestingly, the concentration of disulfide bonds
proved to have a more critical impact on vitrimer performance
than the presence of amine excess, having faster relaxations
without amine excess but with a higher amount of disulfide
bonds than vice versa, further underscoring the significance of
these bonds. Finally, by using theorical methods and experi-
mental verifications, this study also explored the integration of
up to 32% of non-dynamic epoxy into formulations, which
improved mechanical properties and reduced costs while
retaining key dynamic features such as repairability, reproces-
sability, and recyclability. These findings show that under-
standing the system allows us to develop a customized epoxy
vitrimer formulations that balance structural integrity and
environmental sustainability, making them highly adaptable
to a variety of industrial applications.
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