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ABSTRACT: In this paper, catalyst-free room-temperature healing epoxy vitrimer-like > H-bond
materials (S-vitrimer) are introduced. The S-vitrimer can be healed at room NN
temperature without any external stimuli such as solvent, pressure, heat, and catalyst
through an aromatic disulfide exchange reaction and a hydrogen bond because the glass
transition temperature of the S-vitrimer is lower than room temperature. Self-healing
materials are attracting widespread attention nowadays with their potential to increase
the durability of the materials. However, there is still elevating need for research,
considering the limitations of various self-healing methods. To the best of our knowledge, epoxy-based catalyst-free room-
temperature healing materials have not been investigated until now, yet they are promising to make self-healing easier. Moreover, the
S-vitrimer showed higher healing efficiency when healed for a longer time and at a higher temperature. Especially when healed at
room temperature for 96 h, the S-vitrimer presented an 80% healing efficiency. The S-vitrimer also showed an 80% healing efhiciency
when healed at 60 °C for 48 h. To investigate the factors affecting self-healing behavior, three control experiments were carried out.
Control experiments showed that the S-vitrimer is healed mainly due to a disulfide exchange reaction, but hydrogen bonds also
contribute to self-healing behavior. Also, it was found that tightly packed segments can hinder self-healing through control

Disulfide bond

experiments.

1. INTRODUCTION

Living organisms can be healed autonomously after being
wounded, and they can recover their functions even if
damaged. Inspired by nature, many researchers attempt to
devise such a property in industrial materials to increase the
durability and safety of the component. Self-healing materials
are attracting enormous attention nowadays, including various
industries such as aerospace,l’2 automobile,”* electronics,”™’
and robotics.”™"*

Many self-healing materials are fabricated employing
reversible covalent bonds since they promise self-healing
multiple times in the same area, avoiding additional chemicals
such as healing agents or capsules. The Diels—Alder
reaction,""'* boronic ester formation,"*'* disulfide exchan%e
reaction,ls_18 imine reaction,lg’20 urea exchange reaction,zL 2
and transesterification”>"”° are the reversible covalent bonds
preferred to synthesize self-healing materials mostly. However,
in most cases, self-healing requires external stimuli such as
light,s’zs_27 solvent,”®*” heat,”>*°™3% or a caltalyst.34’35 In such
cases, the self-healing polymers cannot respond immediately
under fracture because the healing mechanism needs to be
triggered by external stimuli. Similarly, the incorporation of a
catalyst may cause shortcomings in many ways, including but
not limited to aging, stability, and toxicity.

In this scenario, the state-of-art is heading toward new
industry-friendly concepts to overcome the difficulties of
applying external stimuli each time. Even though a few papers
reported self-healable polymers at room temperatures without
external stimuli or catalysts via a disulfide bond, these self-
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healable polymers mainly focused on thermoplastics and other
amorphous polymers such as thermoplastic polyurethane
(TPU)."”'* However, TPUs are not preferred in structural
components due to limitations in their utility at high
temperatures. In other words, TPUs cannot be used in the
aerospace industry where resistance to high temperature and
high structural performance are required.36 On the other hand,
epoxy having a network structure possesses high heat
resistance, which motivates its utility in tires and seals such
as packing and gaskets in aircraft or spacecraft.”’ Moreover,
epoxy is more facile to fabricate than TPU and more
ecofriendly due to the solvent-free and catalyst-free synthesis
process.”® Even though there were a few studies about epoxy
materials healable within reversible covalent bonds,>**°~*
these research studies addressed healing with a stimulus as
mentioned above, which required an additional effort. Zou et
al.’” studied self-healing epoxy coatings based on Diels—Alder
reactions, including MXene flakes that can be activated by
near-infrared (NIR) light. They observed that having MXene
content allowed the epoxy to convert NIR light energy to heat
quickly, enabling self-healing for nearly around 15 min.

Received: July 19, 2022
Accepted: October 20, 2022
Published: December 2, 2022

https://doi.org/10.1021/acsomega.2c04559
ACS Omega 2022, 7, 44750—44761


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Geonwoo+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cigdem+Caglayan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gun+Jin+Yun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c04559&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04559?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04559?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04559?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04559?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04559?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c04559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

? A ISP
\7/\00/\7 V/\[‘o/\cr]“r"e?/éo v/‘[~/\+ S/A Cq;\/m

DGEBA PPGDG

(b)

) -
s NH;

4-AFD

PEGDG DGCHD
NH, H,N - H2N
2
S-S O O
2-AFD EDA

Figure 1. Structural formula of starting materials corresponding to (a) epoxy resin and (b) diamine.

However, in such concepts, a specific wavelength of light and
high contents of flakes, capsules, powders, etc., to absorb light
efficiently might be required, affecting the mechanical
properties of the composite. Moreover, a self-healing
mechanism based on Diels—Alder reactions might lead to a
sudden viscosity drop, risking the dimensional integrity. In the
case of self-healing by reversible associative covalent bonds,
Capelot et al.*' developed a self-healing epoxy vitrimer capable
of recovering nearly 77% of its original strength at 150 °C in
the presence of transesterification catalysts, though embedding
catalysts in the system might result in toxicity and also induce
catalyst instability. Krishnakumar et al.*" stated that healing
epoxy for nearly 90% of the original strength was possible by
disulfide bonds, which require a heating process of the crack
region to activate the bond exchange mechanism. The glass
transition temperatures were around 60 °C, which prohibited
the activation of disulfide exchange up to that temperature. Li
et al.*” also developed healing epoxy materials, but they also
needed heat to repair them. Moreover, it is quite difficult to
recover polymers by heating due to their low thermal
conductivity. To eliminate such limitations and extra steps,
this paper proposes a new approach promising good long-term
structural stability and ease of repair. To the best of our
knowledge, catalyst-free epoxy-based healing materials healable
at room temperatures without any stimuli have not been
reported yet.

Meanwhile, research works have been focused on self-
healing materials, especially on vitrimers as representative
polymers, which can heal intrinsically by covalently adaptable
networks in the molecular structure. In other words, vitrimers
own a network with exchangeable bonds so that the materials
can be healed through the exchange reaction after damage.
Another prominent property of the vitrimer is the decrease in
its viscosity as the temperature increases, obeying the
Arrhenius law. A material can be called a vitrimer when the
aforementioned properties are satisfied. Materials meeting only
one of these requirements are classified as vitrimer-like
materials,” and this study developed vitrimer-like self-healing
materials with the disulfide bond in this respect. Among the
vitrimer or vitrimer-like materials, many researchers have tried
to develop self-healing vitrimers with the disulfide bond,**~*
which is because the disulfide bond reaction is facile to
fabricate and promises high self-healing efficiency. Most of the
self-healing materials with disulfide bonds, however, require
external stimuli such as light,44_49 heat,>°™%° catalyst,‘é_58
pH,*” and pressure.*’

As mentioned earlier, dynamic sulfur chemistries are highly
adopted in self-healing polymers, including but not limited to
thiolate/nanoparticle exchange, aromatic disulfide exchange,
and gold(I)—thiolate/disulfide exchange reaction.”’ Among
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them, an aromatic disulfide bond has been preferred widely to
develop room-temperature healable materials by a disulfide
exchan%e reaction, which can take place at room temper-
atures.’”'® Apart from that, a hydrogen bond has also been
used as a self-healing agent to introduce the healing capability
to the material. Many studies show that hydrogen bonds can
initiate self-healing because of their reversible bond character-
istics.”' 7> Specifically, Rekondo et al. developed self-healing
materials with disulfide and hydrogen bonds, but it is worth
noting that these materials are fabricated with TPU.'” As
mentioned earlier, TPUs are not ecofriendly due to the utility
of solvents, and they require a complicated synthesis process.
Therefore, this paper differs from the literature as the aim is to
synthesize epoxy-based materials healable at room temperature
without any external stimuli via disulfide and hydrogen bonds.
These self-healing materials do not cause chemical waste
generated from the solvent and the catalyst, implying their
facile process.

Herein, to develop epoxy-based materials healable at room
temperature without external stimuli, diglycidyl 1,2-cyclo-
hexanedicarboxylate (DGCHD) was added to employ a
hydrogen bond with a carbonyl group of ester. This hydrogen
bond made the elastomer self-healed efficiently, as proven by
Fourier transform infrared spectroscopy (FTIR) and a control
experiment. Poly(propylene glycol) diflycidyl (PPGDG),
referred to as a soft segment, was added to epoxy resin to
activate the disulfide exchange reaction by decreasing the glass
transition temperature (Ty). The reason why low T, is required
is mainly that the disulfide exchange reaction occurs at
temperatures lower than T, wherein decreasing the T, below
room temperature results in self-healing materials with
elastomeric properties. The soft segments were reported
before as they promote a higher healing performance,
especially with the dense network, four-branched network.*®
Meanwhile, another study on thermoplastic polyurethane
(TPU) showed that crystallinity and tightly packed segments
affect self-healing behavior because the hard segment of TPU
limits the segmental motion and self-healing performance.'®
According to the TPU study, in this research, PPGDG was
used to avoid crystallinity instead of poly(ethyelene glycol)
diglycidyl ether (PEGDG), and 2-aminophenyl disulfide (2-
AFD) was introduced due to a loosely packed segment instead
of 4-aminophenyl disulfide (4-AFD). Control experiments
were conducted to explore the effect of crystallinity and the
tightly packed segment in epoxy.

This paper conducted synthesis, characterization, self-
healing test, and control experiments of the S-vitrimer. First,
the S-vitrimer self-healed at room temperature was synthesized
and characterized with FTIR, thermogravimetric analysis
(TGA), and differential scanning calorimetry (DSC). Then, a
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tensile test was conducted to measure the healing efficiency at
varying times and temperatures. The S-vitrimer showed
improved self-healing performance as the healing time and
temperature increased. Herein, it should be noted that self-
healing occurs at room temperatures without additional
external heating since the glass transition temperature (T,)
of the produced epoxy vitrimer-like materials is lower than the
room temperature. Finally, control experiments were carried
out to investigate factors influencing self-healing behavior. It
can be concluded that the disulfide and hydrogen bonds
promoted self-healing, while the self-healing behavior was
hindered by the crystallinity of the soft segment and tightly
packed segments in the epoxy vitrimer-like materials.

2. EXPERIMENTAL SECTION

2.1. Materials. Bisphenol A diglycidyl ether (DGEBA),
poly(ethyelene glycol) diglycidyl ether (PEGDG), poly-
(propylene glycol) diglycidyl ether (PPGDG), diglycidyl 1,2-
cyclohexanedicarboxylate (DGCHD), and 4-aminophenyl
disulfide (4-AFD) were supplied from Sigma-Aldrich. 2-
Aminophenyl disulfide (2-AFD) and 2,2”-ethylenedianiline
(EDA) were supplied from Aladdin. All chemical reagents were
used as received. Chemical structures are depicted in Figure 1.

2.2. Synthesis of Self-Healing Epoxy Vitrimer-Like
Materials. First, the S-vitrimer was synthesized as follows.
DGEBA (1 g 2.9 mmol), PPGDG (3.76 g, 5.8 mmol),
DGCHD (0.84 g, 2.9 mmol), and 2-AFD (1.94 g, 7.8 mmol)
were mixed at 100 °C for 20 min by a magnetic stirrer and
then degassed at 80 °C for 3 h. The resulting homogeneous
liquid was poured into a silicone mold and cured at 150 °C for
15 h in an oven. Herein, the S-vitrimer was reacted with a
nonstoichiometric ratio to improve the self-healing efficiency.
The synthesis route is described in Scheme S1. Next, an E-
vitrimer is also synthesized as follows. DGEBA (1 g, 2.9 mmol)
and 2-AFD (0.36 g, 1.45 mmol) were mixed, and the rest of
the process was conducted identically to the synthesis of the S-
vitrimer. The synthesis route is described in Scheme S2. The
P-vitrimer was prepared by the following method. PPGDG (1
g, 1.6 mmol) and 2-AFD (0.19 g, 0.8 mmol) were mixed, and
the rest of the process was conducted identically to the
synthesis of the S-vitrimer. The synthesis route is described in
Scheme S3. The H-vitrimer is synthesized as follows. DGCHD
(1 g 3.5 mmol) and 2-AFD (0.4S g, 1.75 mmol) were mixed,
and the rest of the process was conducted identically to the
synthesis of the S-vitrimer. The synthesis route is described in
Scheme S4. The E-, P-, and H-vitrimers were synthesized to
explore why the epoxide ring of the S-vitrimer remained.
Therefore, only one kind of epoxy was used in the E-vitrimer,
P-vitrimer, and H-vitrimer, which is different from the S-
vitrimer that included DGEBA, PPGDG, and DGCHD
altogether. The E-, P-, and H-vitrimers were mixed with a
stoichiometry ratio to point out the disappearance of the
epoxide group peak clearly in FTIR. The control group 1 (C1)
was synthesized as the following method. DGEBA (1 g, 2.9
mmol), PPGDG (3.76 g, 5.8 mmol), DGCHD (0.84 g, 2.9
mmol), and EDA (1.66 g, 7.8 mmol) were mixed, and the
other process was conducted identically to the synthesis of the
S-vitrimer. The synthesis route is described in Scheme SS. The
only difference in C1 from the S-vitrimer was that EDA was
used instead of 2-AFD as a hardener. The aim of C1 was to
check the relation of self-healing with hydrogen bonds and the
presence of the disulfide bond. In other words, since C1 does
not have any disulfide bond, it is expected to observe the

overall effect of the hydrogen bond on the healing perform-
ance. The molar ratio of resin to the hardener is identical to
that of the S-vitrimer. Control group 2 (C2) was prepared by
the following method. DGEBA (1 g, 2.9 mmol), PEGDG (2.94
g, 5.8 mmol), DGCHD (0.84 g, 2.9 mmol), and 2-AFD (1.94
g, 7.8 mmol) were mixed, and the other process was conducted
identically to the synthesis of the S-vitrimer. The synthesis
route is described in Scheme S6. Since C2 was conducted to
check the pendant group effect of the resin, only PPGDG in
the S-vitrimer is replaced with PEGDG. The molar ratio of the
C2 specimen is identical to that of the S-vitrimer. Control
group 3 (C3) is manufactured by the following method.
DGEBA (1 g 2.9 mmol), PPGDG (3.76 g, 5.8 mmol),
DGCHD (0.84 g, 2.9 mmol), and 4-AFD (1.94 g, 7.8 mmol)
were mixed, and the other process was conducted identically to
the synthesis of the S-vitrimer. The synthesis route is described
in Scheme S7. To check the ortho- and para-substitution effect
of the hardener, C3 specimens were synthesized with 4-AFD
instead of 2-AFD, differently from the S-vitrimer. The molar
ratio is identical to that of an S-vitrimer (Table 1).

Table 1. Molar Ratio of Each Sample

epoxy resin hardener
2- 4-
DGEBA PPGDG PEGDG DGCHD AFD AFD EDA
S-vitrimer 1 2 1 2.7
E-vitrimer 1 0.5
P-vitrimer 1 0.5
H- 1 0.5
vitrimer
C1 1 2 1 2.7
vitrimer
Cc2 1 2 1 2.7
vitrimer
C3 1 2 1 2.7
vitrimer

2.3. Characterization Tests. Fourier transform infrared
(FTIR) spectra were recorded on a Vertex80V spectrometer
from BRUKER. All samples were scanned 32 times at a
resolution of 4 cm™". Differential scanning calorimetry (DSC)
analyses were performed using a Discovery DSC from the TA
instrument. The temperature range was —30 to 150 °C under
nitrogen at a heating rate of 10 °C/min. Also, isothermal
analysis was conducted at 150 °C under nitrogen to verify the
termination of the curing reaction at 150 °C.

Thermogravimetric analysis (TGA) experiments were
conducted with a Discovery TGA from TA Instrument
under a nitrogen atmosphere at a heating rate of 10 °C/min
from 25 to 600 °C to obtain the degradation temperature and
overall thermal stability of the materials. Dynamic mechanical
analysis (DMA) measurements were carried out on an
SDTAS861e from Mettler Toledo. The mode of deformation
was applied in the tension mode with the sample size of 20 mm
X 5 mm X 0.5 mm. The axial force amplitude was set to 10 N,
and the displacement amplitude was set to 20 ym with a single
frequency mode (1 Hz frequency).

2.4. Self-Healing Experiments. To observe self-healing
performance, tensile tests were performed using a Tinus-Olsen
Model SST tensile tester with a 100 N load cell. The thickness
of dumbbell-shaped specimens was approximately 2—2.5 mm.
Tensile tests were performed with a 50 mm/min strain rate
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Figure 2. Synthesis of the self-healing epoxy disulfide vitrimer-like material (S-vitrimer). The vitrimer is healed through a disulfide exchange

reaction and a hydrogen bond between carbonyl and hydroxyl groups.
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Figure 3. Curing analysis of the S-vitrimer. The FTIR graph of (a) uncured (red trace) and 15 h-cured (black trace) S-vitrimers and (b) 15 h
(black trace)-cured and 30 h-cured (orange trace) vitrimer-like materials. (c) Isothermal DSC analysis of the S-vitrimer at 150 °C. Both (b) and (c)

results suggested that the curing reaction was completed.

and a gauge length of 20 mm at room temperature

(approximately 25 °C and 30% humidity).
Samples were healed through the following process. At first,

the dumbbell-shaped sample was cut in half with a blade. Two
parts were then reattached and left at room temperature for 24,
48, 72, and 96 h without applying any particular stimulus such
as pressure, solvent, and light. Additionally, more experiments
were conducted to study healing behavior at 40, 50, and 60 °C
for 24 and 48 h without any external stimuli. The self-healing
efficiency is defined as the ratio of pristine strength to the
healed strength as expressed in eq 1.

44753

O
n= healed % 100
Goriginal

(1)

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of Epoxy
Vitrimer-Like Materials. As shown in Figure 2, elastomeric
epoxy vitrimer-like materials named the S-vitrimer with a self-
healing ability at room temperature were developed. 2-AFD
was used to introduce the aromatic disulfide, which made the
S-vitrimer self-healable at room temperature. DGCHD was
added to employ the hydrogen bond formed by the carbonyl
and hydroxyl group, which assists the aromatic disulfide in
recovering the properties of the S-vitrimer. The intrinsic effect
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affected by steric hindrance. Reprinted with permission from ref 65. Copyright 2007 ACS Publications.
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of disulfide and hydrogen on self-healing is examined
thoroughly in Section 3.3. On the other hand, the main goal
of PPGDG in the system was to decrease the T, of the cured
epoxy due to the linear aliphatic structure of PPGDG,
promoting relatively higher mobility. Briefly, lower T, was

expected to increase mobility and hence the rate of self-healing.
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FTIR analysis was performed to observe the chemical
structure of the synthesized S-vitrimers. The structure of the S-
vitrimer can be predicted by observing the range of spectra
corresponding to the epoxide ring because the curing reaction
of epoxy occurs through an epoxide ring-opening reaction. To
check the epoxide ring, 890 to 950 cm™" spectra and 3300 to
3500 cm™! were investigated. As shown in Figure 3a, the
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reduction of 890 to 950 cm™ peaks was confirmed in FTIR
spectra. Also, the appearance of the 3300 to 3500 cm™" peak is
shown in Figure 3a. A reduction of the 890 to 950 cm™" area
appeared due to the epoxide ring-opening reaction, and the
appearance of a 3300—3500 cm™' wide peak indicates the
hydrogen bond of the hydroxyl group. This result showed that
the S-vitrimer was cured, considering the ring-opening reaction
of the epoxide ring. Although the epoxide ring peak (890 to
950 cm™') did not disappear completely, it seems that the
reaction was finished. Comparing FTIR spectra of the S-
vitrimer cured for 30 h with the S-vitrimer cured for 15 h, the
spectra of the 30 h-cured S-vitrimer are very similar to 15 h-
cured, as shown in Figure 3b, which means that the vitrimer-
like material no longer reacted after 15 h curing. DSC
isothermal analysis also showed that the curing reaction was
completed at 150 °C. If there were still epoxides remaining to
react in the S-vitrimer, an exothermal peak would be observed.
However, no exothermic behavior was found when the S-
vitrimer was left at 150 °C for 1 h in DSC, as shown in Figure
3c. The S-vitrimer did not show any thermal behavior at 150
°C, which means that the curing reaction of the S-vitrimer did
not occur anymore after 15 h curing. Figure 3b,c proves that
the curing reaction of the S-vitrimer was completed at 150 °C.

It is difficult to measure the degree of curing () in FTIR by
simply comparing the absolute absorbance value because the
shape of the spectrum changes after the ring-opening reaction.
Therefore, the peak should be normalized with respect to the
reference peak that is not engaged in the curing reaction. In
this paper, the ether bond was used as a reference peak because

the ether bond does not attend the curing reaction. The degree
of curing (a) was calculated by measuring the height of the
peak as described in detail. First, find the epoxide ring peak
(890 to 950 cm™") and the ether bond peak (1000 to 1100
cm™!). Next, the baseline was drawn between the local
minimum, and the height of the peak was measured by gauging
the height between the peak point and the baseline (Figure
S1). Then, the degree of curing can be evaluated as in eq 2

epoxy ;1 ether
a = ll _ (hafter /hafter

(h epoxy /h ether )

before

l X 100 (%)
()

where hif3)), is the height of the epoxide ring before the curing
reaction, h{%e", is the height of the ether bond before the
curing reaction, hkey is the height of the epoxide ring after the
curing reaction, and heher is the height of the ether bond after
the curing reaction. As presented in Table S1, the degree of
curing for the S-vitrimer is found as 47.2%.

The aforementioned curing behavior of the vitrimer-like
material can be attributed to the steric hindrance of PPGDG.
To prove this effect, a 2-AFD hardener was cured with only
one of the resins among DGEBA, PPGDG, and DGCHD,
which were named E-vitrimer, P-vitrimer, and H-vitrimer,
respectively. In the case of the E-vitrimer and H-vitrimer, it is
observed that the peak between 890 and 950 cm™' almost
disappears, as shown in Figure S3. By the same calculation
method of the curing degree, it was found that curing is
completed 70 and 90% in the E-vitrimer and H-vitrimer,
respectively. In contrast, the 890 to 950 cm™ peak of the P-
vitrimer remained still noticeable after curing, and the degree

before
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Figure 7. [2 + 1] radical-mediated reaction mechanism of the disulfide exchange reaction.®” The radical is stabilized due to the delocalization of the
radical electron caused by the aromatic ring bonded to sulfide. (a) Aromatic disulfide structure before the exchange reaction. (b) Aromatic disulfide
exchange reaction through hemolysis. (c) Result of the exchange reaction. Reprinted with permission from ref 67. Copyright 2016 Elsevier.

of curing ended at only 26% (Table S1). It is concluded that
the long-chained structure of PPGDG increases steric
hindrance and hampers the reaction. The decrease in the
degree of reactlon is attributed to the Sy2 reaction during
epoxy curing,*®® which is significantly affected by steric
hindrance, as shown in Figure 4. It is the reason why the
epoxide ring stretching peak did not disappear completely in
the S-vitrimer, although the reaction ended at 150 °C.

TGA experiments were carried out from 40 to 600 °C under
a nitrogen and air atmosphere to measure the thermal stability
in the inert and normal states. Thermal stability can be
obtained by analyzing the derivative weight, as shown in Figure
Sce. As shown in Figure Sc, thermal degradation began around
200 °C, which means that the S-vitrimer should avoid being
left around 200 °C under air since it begins to degrade
afterward. A 5% weight reduction was found at 256 °C and a
10% weight reduction was shown at 275 °C, as shown in
Figure 5d. The S-vitrimer started degrading most rapidly at
around 332 °C. The thermal behavior of the S-vitrimer under
nitrogen was very similar to the case under air, as shown in
Figure Sef. It is inferred that the S-vitrimer was degraded by
heat rather than the external air effect. As shown in Figure Sa,
the T, value of the S-vitrimer is S °C by DSC analysis. As
shown in Figure Sb, the T, value of the S-vitrimer is 20 °C by
DMA analysis. Generally, there is a difference in the T, value in
DSC and DMA. It is because T, is not a specific point like
melting and boiling temperature, but it is a temperature range
between the first-order and second-order phase transition. The
T, value changes according to various parameters such as the
heating rate and frequency, leading to the difference. The DSC
is a static method where the energy difference is measured to
identify the glass transition temperature because when the
transition occurs, the heat capacity of polymers changes. On
the other hand, it is also possible to analyze glass transition
temperature through DMA in terms of molecular mobility
because of the free volume increase in the T, value. It is a
dynamic method by which the viscoelastic modulus is
measured. The storage modulus, related to elasticity, decreases,
while the loss modulus, related to viscosity, increases when
heating in the glass transition temperature range. It is because

the polymer changes into the rubbery phase due to the
polymer chain uncoiling phenomenon when the temperature is
higher than the T, value.

3.2. Self-Healing Test. To confirm the performance of
self-healing, self-healing experiments were conducted as
follows. The S-vitrimer was cut into two pieces, and then
two pieces were directly put into contact at room temperature
without any external force. The reattached S-vitrimer was left
at room temperature for various durations, and strength was
measured through the tensile test. Healed strength obtained by
the tensile test was compared with pristine strength to evaluate
the self-healing efficiency of the S-vitrimer, as shown in Figure
6.

The S-vitrimer showed 26, 41, 58, and 79% healing
efficiencies when healed for 24, 48, 72, and 96 h, respectively,
as shown in Figure 6a. These results demonstrated that healing
efficiency increases as the healing time increases. The longer
healing time means that the time for the disulfide exchange
reaction increases. It confirms that as the S-vitrimer undergoes
a disulfide exchange reaction for a longer time, the S-vitrimer
heals itself more. For instance, the healing efficiency of the S-
vitrimer reached about 80% after healing for 96 h at room
temperature.

The S-vitrimer can be healed at room temperature due to
the aromatic disulfide bond and the hydrogen bond. Herein,
the aromatic disulfide bond exists in 2-AFD, and the hydrogen
bond comes from the hydroxyl group and carboxylic group of
DGCHD. The hydroxyl group is formed as a result of the
epoxide ring-opening reaction. The role of the aromatic
disulfide bond and the hydrogen bond in healing is
investigated in detail in Section 3.3.

The aromatic disulfide bond undergoes an exchange reaction
at room temperature, even in a solid state. It leads to an
exchange reaction in a low-energy environment like room
temperature. There are two reasons why aromatic disulfide
exchange reactions can occur at room temperature. First, the
sulfenyl radical created when the exchange reaction occurs is
stabilized due to the delocalization of the free radical®®®’
(Figure 7). Additionally, due to the increase in the number of
antibonding electron quicks in molecular orbitals, dissociation
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of the S—S bond occurs more quickly, making exchange
reactions occur at room temperature.66 The working
mechanism of the aromatic disulfide exchange reaction in the
healing process can be explained as follows. The aromatic
disulfide exchange reaction works as a chemical operator so
that the chemical bonds broken under fracture can be
reconnected and recovered to their original state. As a result
of these recovered bonds at the fracture surface, the material
state can go back to its original properties.'”®

To initiate the disulfide exchange reaction, the glass
transition temperature (Tg) of the aromatic disulfide vitrimer
must be lower than room temperature because the disulfide
exchange reaction can occur when the vitrimer has enough
mobility.*® Mobility allows the disulfide bond exchange, owing
to the collision between S atoms, as there would be no
collision in the molecule at a temperature lower than T,.
Through DSC and DMA, it is confirmed that T, of the S-
vitrimer is lower than room temperature, which means that the
disulfide exchange reaction can take place at room temperature
as well as the healing process. As a result of DSC analysis, it is
found that the T, value of the S-vitrimer is § °C, as shown in
Figure Sa. Also, through the DMA experiment, the T, value of
the S-vitrimer is detected as 20 °C, as shown in Figure Sb.
When the S-vitrimer was left in the refrigerator at 5 °C, self-
healing behavior was not observed since the disulfide exchange
reaction did not get activated below T,.

The hydrogen bond also allows the S-vitrimer to be healed
at room temperature efficiently within their weak bonding
structure. It is easy to break and reform hydrogen bonds
reversibly, allowing a more efficient and easier healing
mechanism. As shown in Figure 3a, a 3300—3500 cm™" wide
peak does not exist before curing. After curing, a wide peak
appears in the range of 3300—3500 cm ™. The formation of a
broad peak around 3300—3500 cm™' infers that a hydrogen
bond was created after the curing reaction.

In addition, the S-vitrimer was healed at different temper-
atures to understand the effect of temperature on the healing
efficiency better. The S-vitrimer showed 28, 33, 42, and 46%
healing efficiencies at room temperature, 40, 50, and 60 °C, as
shown in Figure 6b. The increased healing efliciencies are
attributed to the increased material mobility. As the temper-
ature increases, the mobility also increases, leading to more
efficient healing of the S-vitrimer. It should be pointed out that
the healing efficiency reaches nearly 80% after healing for 48 h
at 60 °C, as shown in Figure 6¢c. Furthermore, the S-vitrimer
showed such a high healing efficiency at 60 °C in a shorter
time than the same healing process at room temperature.

3.3. Control Experiments. Three control experiments
were performed by changing one parameter each time to
investigate the key factors that affect self-healing behavior. All
control groups were cured for 15 h at 150 °C, and the curing
reaction was followed by FTIR analysis, as shown in Figure 8f.
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After the curing reaction, 890 to 950 cm™" peaks remained in
C1, C2, and C3, similar to the S-vitrimer, and the degree of
curing was also found to be similar (Table S1). Within the
similar degree of curing of the S-vitrimer and control samples,
it is deduced that the healing behavior of these control groups
can be compared with the S-vitrimer. The control groups were
also analyzed under isothermal DSC analysis (Figure S4a,c,e)
and did not show any exothermic peak corresponding to the
further curing reaction. Such a result indicated that the curing
reaction of three control groups was completed at 150 °C. In
other words, the control groups were also not fully cured,
similar to the S-vitrimer. Self-healing experiments of three
control groups were performed identically to the process
mentioned above, and all self-healing experiments were
conducted at room temperature for 96 h.

First, epoxy materials without disulfide (C1) were
synthesized to explore the disulfide and hydrogen bond effect.
C1 was fabricated using an EDA hardener instead of a 2-AFD

44758

hardener used in the S-vitrimer (Figure 8a). It is possible to
study both disulfide and hydrogen bond effects with EDA
because it has a CH,—CH, bond instead of a S—S bond in
AFD.

The result of the C1 experiment showed a 6.4% healing
efficiency (Figure 8b). This result indicated that the absence of
disulfide led to a major reduction in self-healing behavior. At
the same time, it indicated that hydrogen bonds play a role in
self-healing since there is still healing in the C1 sample with
only hydrogen bonds in its structure. Hence, the hydrogen
bond is found to be capable of performing self-healing in the
absence of disulfide bonds, wherein the efficiency is much less
than the S-vitrimer due to the absence of disulfide bonds. The
hydrogen bond effect was hereby examined through both FTIR
results (Figure 3a and control group C1). Meanwhile, DSC
analysis showed that C1 has a T, value of 15 °C lower than
room temperature (Figure S4b).
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Next, PEGDG was employed instead of PPGDG to
investigate the effect of the pendant group of the soft segment,
which is related to crystallinity (Figure 8c). As shown in Figure
8¢, PEGDG does not have a CHj substituent that exists in
PPGDG. It was possible to explore the effect of methyl
substituent branching by comparing PPGDG and PEGDG, as
they both have about eight repeating units. Moreover, the T,
value of C2 is around 6 °C (Figure S4d), which is comparable
to the T, value of the S-vitrimer. Therefore, the only difference
between the S-vitrimer and C2 is the soft segment unit,
PPGDG, and PEGDG.

It was found that the healing efficiency of C2 was only 45%
(Figure 8d), implying the importance of the extra methyl
substituent of PPGDG on self-healing performance. Such a
decrease in the healing efficiency of C2 is attributed to the
pendant group'® of the resulting epoxy vitrimer-like materials,
as PEGDG has higher crystallinity than PPGDG due to the
substituent. It was reported that there is a chain branching
effect in polyethylene,” such that the more methyl substituent
polyethylene has, the lower crystallinity is observed in the
structure, as shown in Scheme S8.

To verify the existence of a pendant group, the 1700 to 1750
cm ™' peak corresponding to the carbonyl group was analyzed
through attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR) (Figure 9a). A peak at 1732 cm ™" is
observed, corresponding to free carbonyl without a hydrogen
bond with a hydroxyl group. The peak at 1718 cm™ is related
to the hydrogen-bonded carbonyl group.”” The carbonyl
region of the FTIR spectrum is resolved into free and
hydrogen-bonded carbonyl to compare the number of the
carbonyl group with and without hydrogen bonds by
evaluating the area below the curves (Figure 9b,c). The results
exhibited that the number of the carbonyl group with hydrogen
bonds reached 87% of free carbonyl in the S-vitrimer. In the
case of C2, the number of the hydrogen-bonded carbonyl
group just ended up at 66.0% of the free carbonyl group (Table
S3). This is attributed to the soft segment of the S-vitrimer
having a CH; pendant group, resulting in less crystallinity,
which promotes the hydrogen bond. As a result, the S-vitrimer
having higher healing efficiency than C2 signifies the role of
hydrogen bonds.

To ensure the effect of the hardener, another control
experiment was conducted. In this last control experiment, 2-
AFD ortho-substitution was replaced with 4-AFD para-
substitution (Figure 9e). The DSC result showed that C3
has a T value of 25 °C (Figure S4f). Self-healing experiments
were conducted at 60 °C as well as at room temperature. Even
though 60 °C is far higher than T, in which C3 has enough
mobility, there was no self-healing behavior observed similar to
the case at room temperature. It can be explained that tightly
packed segments hindered self-healing behavior regardless of
mobility. Kim et al. also reported that tightly packed segments
affect self-healing behavior in a negative way.'® As shown in
Figure 9d,e, an ortho-substituted hardener with a bent structure
generates a loosely packed conformation, while a para-
substituted hardener with a quasi-linear structure lets
molecules be tightly packed. Therefore, it clarifies the lower
T, value of the S-vitrimer (Table S2) as it is less packed and
has more free volume compared to C3. In summary, it is
concluded that a highly packed structure prevents the healing
mechanism in self-healing materials.

4. CONCLUSIONS

In this paper, epoxy-based self-healing materials (S-vitrimer)
that can be healed without any external stimuli were
synthesized. To the best knowledge of the authors, it is the
first time that an epoxy network healable without any stimuli at
room temperature is reported. The S-vitrimer was charac-
terized by FTIR, DSC, DMA, and TGA. Also, various control
experiments were conducted to describe the working
mechanism of the overall self-healing process in detail.

This study explored that the S-vitrimer can be healed at even
room temperature with an aromatic disulfide exchange reaction
and a hydrogen bond. When the S-vitrimer was left in contact
for a longer time, a higher healing efficiency was observed. In
particular, the S-vitrimer recovered about 80% of the pristine
strength at room temperature at 96 h and 60 °C in 48 h.

Finally, three control experiments were conducted to
demonstrate the parameters affecting the self-healing behavior.
First, the C1 experiment without disulfide was performed, and
a 6.4% healing efficiency was achieved. Through C1, it was
found that the disulfide exchange reaction played an essential
role in self-healing behavior, but the importance of a hydrogen
bond is also pointed out in healing behavior. C2 experiments
without a pendant group were conducted, and the sample
recovered 45% of its original strength after self-healing. The
pendant group implements more hydrogen bonds to the S-
vitrimer, which directly affects the self-healing behavior.
Finally, C3 was synthesized with a different hardener formed
of para-substitution in which healing behavior is not observed.
C3 results suggested that a tightly packed structure prevents
high healing efficiency. Optimization of such a system offers a
new generation of epoxy-based composite materials with the
capability of self-healing even at room temperature. In the
future, care can be taken to further enhance mechanical
strength.
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