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ARTICLE INFO ABSTRACT

Vitrimers based on transesterification exhibit reprocessable and amendable features, but highly rely on external
catalyst to accelerate the stress relaxation and network rearrangement. Here we prepared reprocessable auto-
catalyzed epoxy vitrimers via introducing dynamic transferrable monoesterified cyclic anhydrides into cross-
linked networks. Two trifunctional monoesterified cyclic anhydrides MT and ST were facilely synthesized by
catalyst-free melting reaction of maleic anhydride and succinic anhydride with trimethylolpropane, respectively,
and were utilized to cure the bisphenol A epoxy DER 331. The excess monoesterified anhydrides (containing
catalytic carboxyl groups) grafted in the cross-linked networks could undergo dynamic reversible reactions to
transfer from one site to another, as a result, the transesterification at different sites of the networks could be
effectively catalyzed. The dynamic transfer of catalytic group followed two mechanisms:i) removal-mono-
esterification of cyclic anhydrides and ii) transesterification of monoesterified cyclic anhydrides with hydroxyl
group. In addition to the excellent reprocessability and rapid stress relaxation, the auto-catalyzed epoxy vi-
trimers presented high glass transition temperatures of ~110 °C, Young’s modulus of ~3103 MPa and tensile
strength of ~70.6 MPa. This dynamic transfer catalysis will provide a new idea to accelerate the stress relaxation
and network rearrangement of vitrimers.
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1. Introduction the presence of the catalyst zinc acetate (Zn(OAc),). The obtained cross-

linked polymers exhibited excellent mechanical and thermal properties as

Traditional thermosets are widely used as coatings, adhesives, en-
capsulants, and composite materials because of their excellent me-
chanical properties, heat resistance and solvent resistance. However, as
a result of the chemically cross-linked networks, thermosets are arduous
to be recycled or decomposed after curing [1-3]. For instance, once
damaged or discarded, thermoset materials cannot be repaired or re-
processed by heat like thermoplastics. At present, the treatments for
waste thermosetting materials are incineration and landfill, which will
give rise to considerable environmental pollution and huge waste of
resources.

In the interest of addressing this issue, Leibler and co-workers [4] de-
veloped the associative covalent adaptive networks (CANSs) of epoxy resin
based on dynamic transesterification, and pioneered the concept of vitrimer
in 2011. They adopted carboxylic acids and anhydrides to cure the epoxy in
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ordinary thermosetting resins at room temperature, while they also pre-
sented superior malleability at high temperatures, which can be attributed
to the fact that a great quantity of free hydroxyl group and ester bond would
proceed transesterification catalyzed by Zn(OAc).. Generally, during the
exchange reaction, vitrimers undergo microphase flow and stress relaxation
through reversible rearrangement of dynamic covalent bonds without sa-
crificing material properties, which makes vitrimers combine the ad-
vantages of thermosets and thermoplastics [5]. Since then, various intri-
guing chemistries or dynamic covalent bonds have been explored for
vitrimers or vitrimer-like materials, including transesterification [6,7],
phthalate monoester transesterification [8,9], thiol-anhydride [10], viny-
logous urethanes/ureas [11-14], transalkyation of triazolium salts [15],
transcarbamoylation [16,17], olefin metathesis [18,19], imine exchange
[20-22], disulfide exchange [23,24], siloxane [25], silyl ether [26,27],
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hindered urea bond [28], boroxine [29], dioxaborolane [30,31], hemi-
aminals [32], diselenide [33], thiol-acetel [34], diketoenamine [35], acetal
[36,371, hydrazine [38], etc.

Although significant advances has been achieved for various dy-
namic covalent bonds, epoxy vitrimers based on dynamic transester-
ification are still the most studied and most promising materials be-
cause ester bond is relatively stable and the raw materials are widely
available [39]. However, the reported dynamic transesterification is
generally required to be accelerated with high loading of catalysts
(5-10 mol%), such as organic salts [4,40,41] or strong bases [42,43].
The large amount of catalyst in vitrimers may bring about toxicity,
incompatibility and corrosion issues, which will limit the application
[44]. So far, there are only a few reports on the vitrimers based on
transesterification without loading extra catalysts. Zhang and co-
workers [44,45] disclosed epoxy vitrimers containing a large amount of
free hydroxyl groups which acted as both reaction sites and catalyst to
activate the dynamic transesterification. The epoxy vitrimers prepared
by this method exhibited satisfactory self-healing properties. Altuna
and co-workers [46] utilized citric acid to cross-link epoxidized soybean
oil to prepare self-healable polymer networks. Stress relaxation took
place in the absence of any extrinsic catalyst, which was also promoted
by residual hydroxyl groups in the network. Ikeda and co-workers [47]
reported a kind of vitrimers in which the transesterification proceeded
without any catalyst, which was attributed to the high reactivity of
phenyl-OH groups. Altuna and co-workers [48], Yu, Zhang and co-
workers [49] incorporated tertiary amine into the network of epoxy
vitrimers to catalyze the transesterification. Xu and co-workers [50]
prepared a kind of epoxy vitrimers doped with carbon nanotubes or
polypyrrole wrapped carbon nanotubes. In the absence of catalyst, the
transesterification was accelerated by the interfacial interaction be-
tween tubular polypyrrole wrapped carbon nanotubes and epoxy. The
above excellent work has laid the foundation for the research of auto-
catalysis vitrimers based on transesterification. Among these transes-
terification-based epoxy vitrimers without catalyst addition, only Zhang
and co-workers [44] mentioned the reprocessability, but the chopped
samples could not avoid obvious defect even being reprocessed at
190 °C and 20 MPa. Herein, the reprocessability of auto-catalyzed
epoxy vitrimers based on dynamic transesterification is still a challenge.

In this work, we innovatively introduce dynamically transferable
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carboxyl group into the network of epoxy vitrimers based on transester-
ification to accelerate stress relaxation and network rearrangement (Fig. 1).
We utilized a polyol (trimethylolpropane, TMP) to monoesterify cyclic an-
hydrides to synthesize trifunctional carboxylic acids which were further
employed to cure a commercial epoxy (DER 331). Considering that the
conjugate structure of the anhydride may affect the acidity of the obtained
carboxylic acid and the performance of the cross-linked network, we used
maleic anhydride (MA) and succinic anhydride (SA) as starting materials for
comparison. The chemical structure of the synthesized trifunctional car-
boxylic acids were characterized in detail via FTIR, '"H NMR, 3C NMR and
TOF-MS spectra. In addition, the curing process and kinetics as well as
thermal and mechanical properties of the epoxy vitrimers were studied.
Moreover, the reprocess recyclability, stress relaxation and the mechanism
of dynamic transfer auto-catalysis were systematically investigated.

2. Experimental
2.1. Materials

Maleic anhydride (MA), succinic anhydride (SA), trimethylolpro-
pane (TMP), zinc acetate (Zn(OAc),) were purchased from Aladdin
Reagent, China. Ethyl acetate, petroleum ether (boiling range:
60-90 °C) were bought from Sinopharm Chemical Reagent Co., Ltd.,
China. Bisphenol A epoxy monomer (DGEBA, trade name D.E.R.331,
epoxide equivalent 182-192 g per eq.) was supplied by DOW Chemical
Company, USA. All the chemicals were utilized as received unless
otherwise indicated.

2.2. Synthesis of trifunctional monoesterified maleic anhydride (MT)

9.64 g (98.3 mmol) of MA and 4.00 g (29.8 mmol) of TMP were
added to a 20 mL one-neck flask and heated to 110 °C. After the re-
actants were completely melted, the flask was kept at 110 °C in an oil
bath for 5 h while being constantly stirred. The obtained product was
washed with a mixture of ethyl acetate and petroleum ether (1:1) four
times. After drying in a vacuum oven at 50 °C for 6 h, the product MT
with a yield of 40% was obtained. In this study, in order to obtain the
product as pure as possible, we used the solvent precipitation for four
times, thus resulting in low yield. The synthetic route is illustrated in
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Fig. 1. Schematic diagram of dynamic transfer auto-catalytic process.
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Scheme 1. Synthetic routes of MT and ST.

Scheme 1. To ensure the complete involvement of —OH groups in TMP
in the reaction, excess anhydride was loaded. [51,52] After reaction for
5 h, the product was purified and characterized by FTIR, 'H NMR, *3C
NMR and TOF-MS. TOF-MS (m/z): 427.0823. FTIR (cm ™~ '): 1700 (C=
O, ester), 1750-1850 (C=O0, anhydride). 'H NMR (400 MHz, Acetone-
dg, ppm): 0.86-0.93 (t, 3H, —CHs), 1.47-1.61 (q, 2H, —CH,—CHs), 4.17
(s, 6H, —O—CH,—), 6.37-6.44 (dd, 6H, —CH=CH-). '*C NMR
(400 MHz, DMSO-dg, ppm): 7.66, 22.63, 41.02, 64.51, 128.48, 132.33,
165.31, 167.10.

2.3. Synthesis of trifunctional monoesterified succinic anhydride (ST)

9.84 g (98.3 mmol) of SA and 4.00 g (29.8 mmol) of TMP were
added to a 20 mL one-neck flask and heated to 110 °C. After the re-
actants were completely melted, the flask was kept at 110 °C in an oil
bath for 5 h while being constantly stirred. The obtained product was
washed with a mixture of ethyl acetate and petroleum ether (1:1) four
times. After drying in a vacuum oven at 50 °C for 6 h, the product MT
with a yield of 45% was obtained. In this study, in order to obtain the
product as pure as possible, we used the solvent precipitation for four
times, thus resulting in low yield. The synthetic route is shown in
Scheme 1. TOF-MS (m/2): 433.1292. FTIR (cm ™ 1): 1700 (C=0, ester),
1750-1850 (C=O0, anhydride). H NMR (400 MHz, Acetone-dg, ppm):
0.87-0.91 (t, 3H, =CH3), 1.49-1.54 (q, 2H, =CH,=CH3), 2.58-2.65
(m, 6H, =CH,=CH,=), 4.06 (s, 6H, =0=CH,=). '°C NMR
(400 MHz, DMSO-dg, ppm): 7.38, 22.81, 29.09, 29.19, 41.03, 63.87,
172.31, 173.76.

2.4. Preparation of epoxy vitrimers

For the MT or ST cross-linked epoxy vitrimers (MTEs or STE-1.25),
the synthesized trifunctional carboxylic acid (MT or ST) was uniformly
mixed with bisphenol A epoxy (DER 331) using a homogenizer and
cured without any solvent or catalyst. Different molar ratios of carboxyl
group to epoxy group (0.75, 1, 1.25) were selected to prepare different
MT cross-linked epoxy vitrimers (MTE-0.75, MTE-1 and MTE-1.25). For
the MT cross-linked epoxy vitrimer containing catalyst Zn(OAc), (MT-
CAT-1.25), Zn(OAc), (5 mol% relative to the COOH groups) was dis-
solved in MT to volatilize acetic acid before mixing with epoxy (molar
ratio of carboxyl group to epoxy group was 1.25). For all the samples,
bubbles were removed from the mixtures in a vacuum oven. After being
poured into the mold, all the samples were cured at 90 °C for 3 h, 120 °C
for 1 h, 150 °C for 2 h, 180 °C for 4 h. The feed composites of all the
samples are listed in Table 1.
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Table 1
Compositions of the epoxy vitrimers made using DER 331.

Sample Curing carboxyl group/epoxy group catalyst Zn(OAc),
agent molar ratio mol %

MTE-0.75 MT 0.75 0

MTE-1 MT 1.00 0

MTE-1.25 MT 1.25 0

MTE-CAT-1.25 MT 1.25 5

STE-1.25 ST 1.25 0

2.5. Gel content test

The samples (0.5 g) were respectively put into the Soxhlet extractor
to extract with acetone for 48 h, and then dried in a vacuum oven at
70 °C for 12 h. my is the initial mass, m; is the final mass after drying;
the gel content is calculated by m;/my.

2.6. Water absorption

Due to our limited samples, irregularly shaped samples with thick-
ness of 300-400 um and weight of 15-20 mg were used to determine
the water absorption. The samples were separately immersed in dis-
tilled water at 23° C for 24 h. The mass before immersion was recorded
as m,. After soaking, the samples were taken out and wiped to remove
surface water quickly and weighed as m;. The water absorption was
calculated by (m, — mg)/m,.

2.7. Reprocessing recycle

The reprocess recycling test was performed in a plate vulcanizer.
The films were cut into small pieces and placed between two steel
sheets covered with two polyimide films to avoid resins adhering on the
steel sheets. Hot pressing was implemented at 200 °C under a pressure
of 10 MPa for 2 h. After cooling to room temperature, reprocessed films
were obtained.

2.8. Characterizations

Fourier transform infrared (FTIR) spectra were obtained using a
Micro-FTIR Cary 660 spectrometer (Agilent, America) and the absor-
bance mode was applied. 'H NMR and *3C NMR spectra were recorded
on AVANCE III Bruker NMR spectrometer (Bruker, Switzerland) using
DMSO-dg and Acetone-dgs as the solvents. TOF-MS spectra were mea-
sured using a Triple TOF 4600 time of flight mass spectrometer (AB
Sciex, America). The temperature-dependent FTIR measurements were
measured with a NICOLET 6700 (Thermo, America) using the KBr
pellet method from 25 to 250 °C. Differential scanning calorimetry
(DSC1, Mettler-Toledo, Switzerland) was utilized to determine the T,
values and investigate the curing behavior. The epoxy mixtures (around
3-5 mg) were taken for the study of non-isothermal curing kinetics. A
heat scan ranging from 25 to 250 °C was performed at varying heating
rates of 5, 10, 15, and 20 °C/min, respectively. The glass transition
temperature (T,) was obtained from the second heating curve scanned
from 25 °C to 180 °C at a heating rate of 20 °C/min under a N, atmo-
sphere. The thermal stability was determined using a thermogravi-
metric analyzer (TGA, TGA/DSC1, Mettler-Toledo, Switzerland). The
samples (~6 mg) were heated from 50 to 800 °C at a heating rate of
10 °C/min under a N, atmosphere. The dynamic mechanical properties
were characterized by a dynamic mechanical analyzer (DMA, Q800, TA
Instruments, America) in the film tensile mode. The samples with di-
mensions of 30 mm X 5 mm X 0.3 mm were scanned from —50 to
180 °C at a heating rate of 3 °C/min and at a frequency of 1 Hz. Stress
relaxation experiments were also tested by DMA (DMA, Q850, TA
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Instruments, America). The samples with dimensions of 30 mm
x 5mm X 0.3 mm were initially preloaded by 1 x 10~ °N force to
maintain straightness. After reaching the testing temperature, it was
allowed 10 min to reach thermal equilibrium. The specimen was
stretched by 1.5% on the DMA machine and the deformation was
maintained throughout the test. The decrease of the stress as the
function of time was recorded. The tensile properties were tested on a
Universal Mechanical Testing Machine (Instron 5569A, Instron,
America). In order to avoid defects during cutting, the networks were
cut into easy-to-cut rectangular samples to test the tensile properties.
The samples with dimensions of 30 mm (length) X 5 mm
(width) x 0.3 mm (thickness) were measured at a cross-head speed of
1 mm/min. At least four repeated measurements were performed for
each sample.

3. Results and discussion
3.1. Curing process

Fig. 2a presents the non-isothermal DSC curves of the different
curing systems at the heating rate of 15 °C/min. The exothermic peaks
in the DSC curves are mainly due to the reaction between the carboxyl
group and the epoxy group. It can be seen that the curing reactions of
DER 331 with MT occurred at lower temperature ranges than that of ST.
The peak exothermic temperature (T,) of MTE-1.25 is 27.7 °C lower
than that of STE-1.25 (Table S1). This means that MT possesses higher
curing reactivity toward epoxy than ST, which is attributed to the
stronger acidity of the conjugated carboxyl group in the MT structure.
Besides, increasing the MT amount or adding Zn(OAc),, the exothermic
peak of the curing reaction moved to lower temperatures, which in-
dicates that raising carboxyl concentration and introducing Zn(OAc),
can promote the curing reaction to a certain extent.

d =—wmTE0.75
e MTE-1

—— MTE-1.25

Heat flow exo up

50 100 150 200 250
Temperature (°C)
C ——50°C
MTE-1.25 00°C
9 ——120°C
£ ——150°C
2 ——180°C
S ——200°C
Ke)
<

920 910
Wavenumber (cm™)
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In order to quantitatively predict the curing reactivity of MT/ST
toward DER 331, the non-isothermal curing kinetics were employed by
DSC. Kissinger’s method (Eq. (1)) and Ozawa’s method (Eq. (2)) were
utilized to compute the apparent activation energy during the curing
process [53-55].

— In(B/T,?) = Eu/RT, — In(AR/E,) )
In = —1.052 X E,/RT, + In(AE,/R) — InF (x) — 5.331 2

where f is the heating rate, T, is the peak exothermic temperature, E, is
an average activation energy of the curing reaction, A is the pre-ex-
ponential factor, R is the gas constant, and F(x) is a conversion de-
pendent term. Fig. 2b exhibits the plots of Inf versus 1000/T, based on
Ozawa’s method. The plots of -ln ([3/TP2) versus 1000/T, based on
Kissinger’s method are exhibited in Fig. S7. The T,s and E,s calculated
from the slope of linear fitting plots are summarized in Table S1. The E,
value sequence of each sample is as follows: MTE-CAT-1.25 < MTE-
1.25 < MTE-1 < MTE-0.75 < STE-1.25. As we know, the smaller
the E, value, the higher the probability that the curing reaction will
occur [55]. The quantitative calculations are consistent with the results
in Fig. 2a. The stronger acidity of MT makes it more likely to react with
epoxy. Besides, Zn(OAc), can also catalyze the curing reaction.

To obtain the optimal curing conditions, real-time FTIR was adopted
to monitor the chemical change during heating. The changes of the
epoxy group during heating for sample MTE-1.25 and STE-1.25 are
shown in Fig. 2¢ and d, respectively. As the reaction occurred, the
characteristic peak of epoxy group at 914 cm ™! gradually weakened,
and disappeared when the temperature was increased to 180 °C.
Therefore, in order to ensure the completion of the reaction, the post-
curing temperature for each sample was set to 180 °C and maintained
for 4 h.

Gel content is a proof of the formation of a well-cross-linked net-
work and is closely related to the properties of the thermoset. Thus, the

b3.o- v
2.8-
2.6-
$:,_2.4- \
= 2.2{« MTE-0.75
2.04¢ MTE-
18]t MTE-1.25
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1.6, STE-1.25 . - .
20 21 22 23 24 25
1000/T
P
d |[stE1.25 2
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920 910 900
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Fig. 2. (a) DSC curves of each sample at heating rate of 15 °C/min. (b) Inf as a function of 1000/T, based on Ozawa’s theories. (c,d) Epoxy regions (900-930 cm Hof
temperature-dependent FTIR spectra at the heating rate of 2.5 °C/min during the curing of epoxy-acid networks (c) MTE-1.25 and (d) STE-1.25.
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Fig. 3. (a) Gel contents, (b) FTIR spectra and (c) Water absorption of the epoxy vitrimers.

gel contents of all the cured samples were examined and presented in
Fig. 3a. Each sample has a high gel content of 96.9%-99.1%, indicating
that the networks were well cross-linked. To further confirm the curing
degree, the FTIR spectra of each sample after curing were measured and
illustrated in Fig. 3b. The characteristic peak of epoxy group in the
cross-linked networks almost disappeared, which manifests that each
sample was cured well. Since the residual hydroxyl and carboxyl groups
were contained in the cross-linked networks, the water absorption of
each sample was also determined, which were 15.08%, 11.65%,
12.03%, 10.22% and 12.16% for MTE-0.75, MTE-1, MTE-1.25, MTE-
CAT-1.25 and STE-1.25.

3.2. Thermal and mechanical properties

Fig. 4a and b shows the storage modulus and tan 8 as a function of
temperature, respectively, and Tgs and storage moduli are listed in
Table 2. For the cross-linked network, its T, and modulus are closely
related to cross-link density (v,) of the network. Thereater v, the higher
T and modulus of the system [56,57]. Hence, v.s of MTEs and STE-1.25
were calculated via the following Eq. (3) [56,58].

v = Eg/3RT 3)

where E, is the storage modulus at rubbery states (T; + 60 °C), R is the
gas constant (8.314 J/(molK)) and T is the Kelvin temperature of
T, + 60 °C. The v, value of MTE-1 is higher than that of MTE-0.75,
which is because more carboxyl groups reacted with epoxy groups
when the molar ratio of carboxyl group to epoxy group was <1.

However, as the molar ratio of carboxyl group to epoxy group was
further increased to > 1, the system did not possess enough epoxy
groups to completely consume the carboxyl groups. Therefore, the v, of
MTE-1.25 is lower than that of MTE-1. When catalyst Zn(OAc), was
added, Zn®** could form coordination bonds with carboxyl groups,
corresponding to the highest v, of MTE-CAT-1.25. The lower rubbery
modulus of STE-1.25 with respect to MTE-1.5 corresponds to its lower
cross-link density. For the epoxy vitrimers MTEs, their T,s mainly de-
pend on the v.. As a result, MTE-CAT-1.25 owns the highest T, of
120 °C, and MTE-0.75 exhibits the lowest T, of 103 °C. For MTE-1.25
and STE-1.25, in addition to the difference in v,, the rigidity of the two
kinds of segmental chains also differs. The conjugated double bonds in
the MT structure make it more rigid than ST. Consequently, the seg-
mental chain of STE-1.25 is easier to move than that of MTE-1.25. As a
result, the T, of MTE-1.25 (105 °C) was much higher than that of STE-
1.25 (75 °C). The non-isothermal DSC curves were also applied
(Fig. 4c), and the T, trend is consistent with that from DMA results.
Fig. 5 presents the representative tensile stress-strain curves of the
auto-catalyzed epoxy vitrimers, and the detailed data are summarized
in Table 3. MTEs and STE-1.25 all exhibited high strength of around
70 MPa and Young’s modulus of 2474-3163 MPa. As mentioned above,
modulus has a close tie with v, and the rigidity of the chain segment of
the cross-linked polymer. The greater v, and the rigidity of the segment
are, the higher modulus is [56,57]. As a result, the Young’s modulus
follows the order of MTE-1 > MTE-1.25 > MTE-0.75 > STE-1.25,
which is in consistent with the T, trend from the DMA experiments.
Besides, MT and ST-based auto-catalyzed epoxy vitrimers exhibited
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Fig. 4. (a) Storage modulus as a function of temperature for the epoxy vitrimers. (b) The tan 8 as a function of temperature for the epoxy vitrimers. (c) Non-

isothermal DSC curves of the epoxy vitrimers.

Table 2
Thermal properties of the epoxy vitrimers.

Table 3
Tensile properties of the epoxy vitrimers.

Sample T, (°C) Storage modulus Ve (mol/m?)
at Ty + 60 °C
DMA DSC (MPa)
MTE-0.75 103 83 16.4 1508
MTE-1 110 91 19.9 1802
MTE-1.25 105 86 17.9 1639
MTE-CAT-1.25 120 98 22.9 2024
STE-1.25 75 58 9.2 903
70
601
& 501
=
- 40+
? 30 —=— MTE-0.75
& o) —e— MTE-1
201 —— MTE-1.25
10+ —— MTE-CAT-1.25
0 1 ——STE-1.25
0 2 4 6 8

Strain (%)

Fig. 5. Representative tensile stress-strain curves of the auto-catalyzed epoxy
vitrimers.

Sample Young’s modulus Strength (MPa) Elongation at break
(MPa) (%)

MTE-0.75 2724 + 30 70.2 = 3.0 6.3 = 0.5

MTE-1 3103 = 30 68.7 £ 2.9 48 £ 0.2

MTE-1.25 2884 = 20 70.6 = 2.1 58 = 0.2

MTE-CAT-1.25 2637 + 20 61.8 = 4.0 3.8 = 0.5

STE-1.25 2474 + 50 67.2 £ 2.3 8.0 = 0.4

some tough feature because they all yield before final rupture. The
elongation at breaks exhibited an opposite trend of Young’s moduli of
MTE-1 < MTE-1.25 < MTE-0.75 < STE-1.25, which is due to the
reason that elongation at break of a cross-linked polymer often de-
creases with the increase of v, and the rigidity of the chain segment.
Opposite to T, the mechanical properties of MTE-1.25 decreased after
introducing Zn(OAc)s.

3.3. Reprocess recycling of the auto-catalyzed epoxy vitrimers

The dynamic transesterification imparts thermosets reprocessability
which is a crucial feature of vitrimers. Vitrimers' reprocessability is
often determined by first cutting the sample into small pieces and then
reshaping it at a certain temperature and pressure. Therefore, the fast
exchange reactions in the network are needed, and the reprocessing of
epoxy vitrimers based on transesterification often requires the addition
of catalysts [4,59,60] Among the several existing reports of auto-cata-
lyzed epoxy vitrimers, the transesterification was promoted by the
hydroxyl group [44-47,50] and amine group [48] in the cross-linked
networks, so that the networks could achieve stress relaxation and
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thermal repairment. During these reports, only Zhang et al. [44] men-
tioned the reprocessing of the catalyst-free epoxy vitrimers, but the new
film obtained via hot pressing from the pieces had a lot of cracks and
weld lines which could not be avoided through increasing the com-
pression temperature or pressure, as a result, it could not be suitable for
tensile test. In this work, the thermal reprocess recyclability of the
epoxy vitrimers was tested. As can be seen in Fig. 6a, the fragments of
all samples reformed into wholes after hot pressing, which indicates
that the transesterification occurred for each sample. However, among
these reprocessed samples, only MTE-1.25, MTE-CAT-1.25 and STE-
1.25 were smooth and crack-free. The reprocessed samples of MTE-0.75
and MTE-1 both had some visible cracks. The FTIR and tensile tests
were performed after reprocessing. Take MTE-1.25 as an example, its
characteristic peaks in the FTIR spectra (Fig. 6b) before and after re-
processing are almost the same, which indicates that the chemical
structure have not been changed during reprocessing. As presented in
Fig. 6¢ and d, the mechanical properties of MTE-1.25 and STE-1.25
were maintained extremely well after reprocessing.

3.4. Stress relaxation

For the sake of giving a theoretical basis for the results of thermal
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reprocessing, the stress relaxation experiments were performed, and the
results are summarized in Fig. 7. For vitrimers, dynamic exchange re-
actions can rearrange the cross-linked network to relax internal stress.
Thus, the speed of stress relaxation depends on the speed of the ex-
change reaction. As can be seen in Fig. 7a, MTE-CAT-1.25, MTE-1.25
and STE-1.25 exhibited rapid stress relaxation, followed by MTE-1 and
MTE-0.75, which is consistent with the results of thermal reprocessing.

The relaxation time (z*) is defined as the time for the modulus to
reach 1/e (0.37) of its initial modulus. The activation energy (E,) was
calculated according to the Arrhenius equation: [61]

Int* = E,/RT — InA (C))

where A is the Arrhenius prefactor, E, is the activation energy for vis-
cous flow, R is the gas constant, and T is the experimental temperature.
An excellent fitting for both MTE-1.25 and STE-1.25 was obtained. The
E,s can be used to characterize the efficiency of dynamic transester-
ification. The calculated E,s of MTE-1.25 and STE-1.25 were 75 and
79 kJ/mol, respectively. Albeit the more rigid segmental chain and
higher cross-link density of MTE-1.25 than that of STE-1.25 should lead
to higher E,, MTE-1.25 exhibited a litter lower E, than STE-1.25. This
can be explained by two reasons: i) the catalytic group in the network of
MTE-1.25 has higher acidity on account of the conjugation effect from
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Fig. 8. Dynamic reversible reactions of MT (DMSO-dg) and ST (acetone-dg).
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the carbon-carbon double bond, corresponding to the higher catalytic
activity of MTE-1.25 than that of STE-1.25; ii) the catalytic group
transferring in the network of MTE-1.25 was more likely to occur than
that in the network of STE-1.25.

3.5. Mechanism of dynamic transfer auto-catalysis

According to reports [8], carboxyl groups can catalyze the transes-
terification, consequently carboxyl groups in the cross-linked network
structure should have a certain catalytic effect. As mentioned above,
MTEs (especially MTE-1.25 with excess carboxyl group) and STE-1.25
exhibited rapid stress relaxation and could be reprocessed.

During the synthesis of MT, we found that maleic anhydride (MA)
could be released from the MT when it was dried in an oven at 80 °C
(Fig. S9), and we all know that MA can react with the produced hy-
droxyl group again, so the monoesterification of MA is a dynamic re-
versible reaction. If the dynamic reversible monoesterification occurred
in the network, the catalytic carboxyl group could be transferred from
one site to other sites, which might accelerate the auto-catalysis and the
network rearrangement. To confirm this assumption, the reversible
reactions of MT and ST were investigated, respectively. '"H NMR spectra
were used to track the formation of maleic anhydride or succinic
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Fig. 9. TGA-FTIR curves of the epoxy vitrimers. (a) TGA curves of MTE-1.25
and STE-1.25. (b) FTIR spectra of pyrolytic gases of MTE-1.25 at 230 °C and
STE-1.25 at 280 °C.
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anhydride to evaluate the progress of the reversible reactions. It was
found that the reversible reaction of MT could be observed at tem-
peratures of 80 °C and above (Fig. S9), and the reversible reaction of ST
could also occur at temperatures of 120 °C and above (Fig. S10). The
above difference might be related to the conjugate structure of MT. The
'H NMR spectra of the reversible reactions of MT and ST at 160 °C are
exhibited in Fig. 8. It can be seen that the amount of maleic anhydride
and succinic anhydride in the system gradually increased with thermal
treatment time, and both reached constant values after 1 h, which
proved that MT and ST both undergone reversible reactions to remove
the anhydride. To confirm that the anhydride could also be formed in
the network of MTE-1.25 and STE-1.25, TGA-FTIR tests were performed
on MTE-1.25 and STE-1.25 (Fig. 9). The two TGA curves showed de-
gradation steps at around 230 °C and 280 °C, respectively (Fig. 9a).
Furthermore, the FTIR spectra of the pyrolytic gases at these two
temperatures demonstrated that maleic anhydride and succinic anhy-
dride were released (Fig. 9b). Moreover, MTE-1.25 and STE-1.25 were
immersed in DMSO and boiled in a 200 °C oil bath for 2 h to extract the
related anhydrides. The "H NMR spectra of the extracts also proved that
maleic anhydride and succinic anhydride could be formed in the net-
works at high temperatures (Fig. S13 and S14).

After the formation of anhydrides in the network has been proven,
we subsequently explored the process of catalyst group transfer in the
network. It’s difficult to directly capture the catalyst group transfer
process in the chemical cross-linked epoxy networks. Here, entangled
network of polyethylene was used to stimulate the epoxy network and
blended with model compounds. Butyric acid and butyl glycidyl ether
were used as starting materials to synthesize a model compound con-
taining (-hydroxyester group abbreviated as BBGE (the synthetic
scheme and the '"H NMR spectrum of BBGE were shown in Scheme S1
and Fig. S15), which was used to simulate the structure of epoxy after
ring-opening in MTE-1.25. Then, BBGE and MT were blended into
polyethylene by extrusion (the molar ratio of BBGE and carboxyl group
in MT was 4: 1, while the mass of the mixture of MT and BBGE ac-
counted for 15 wt% of polyethylene), where MT could simulate the
residual mono-esterified anhydride in MTE-1.25. After blending, the
PE-BBGE-MT mixture was hot pressed at 180 °C for 2 h via a plate
vulcanizer. The state of BBGE and MT in the network during hot
pressing and the reactions between the two were shown in Fig. 10,
which was proved by the '"H NMR spectrum of the extract in the net-
work after hot pressing (Fig. 11). It can be seen from Fig. 11 that in the
entangled network of PE, MT could undergo a reversible reaction to
form maleic anhydride, which would further graft onto the BBGE
structure. As a result, the carboxyl group was successfully transferred
from one site to another. There might be two paths for the transfer of
the catalytic group. One is that the monoesterified anhydride group
directly undergoes the transesterification reaction with the hydroxyl
group, and the other is removal and re-monoesterification of the acid
anhydride during the reaction (Fig. 10a). In addition, MT (0.016 g,
0.037 mmol) and BBGE (0.1 g, 0.459 mmol) were also dissolved in a
relatively large amount of DMSO (5 mL) to prepare a dilute solution to
reduce the probability of collision between the two model compounds.
The dilute solution was thermally treated at 180° C for 2 h. The '"H NMR
spectrum of the mixture after reaction (Fig. S16) indicated that the
monoesterified anhydride group of MT in the dilute solution had un-
dergone a ring-closing reaction and the formed anhydride was further
grafted onto the BBGE structure.
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Based on the above analysis, the dynamic transfer of catalytic car-
boxyl group in the MTE-1.25 and STE-1.25 may follows two mechan-
isms: i) removing cyclic anhydride in one site and transferring the re-
moval anhydride and undergoing monoesterification reaction with
hydroxyl groups in other sites in the network (Scheme 2a) and ii)
transesterification of monoesterified cyclic anhydrides with hydroxyl
group (Scheme 2b). Vitrimers exhibiting competitive mechanisms for
the exchange of covalent bonds show non-linear Arrhenius plots of
characteristic relaxation times, reflecting the variation of the pre-
dominant mechanism in different temperature ranges [62-64]. The
characteristic relaxation times in Fig. 7(d) show linear Arrhenius re-
lationship within the measured temperature range, indicating that the
prevailing mechanism is the catalysis of transesterification by car-
boxylic acid groups, enhanced by the migration of these groups along
the network by similar transesterification steps. The mechanism based
on the regeneration of the anhydride exists, but its effect is not as sig-
nificant as the transesterification mechanism.
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4. Conclusions

For the first time, dynamic transfer catalysis was explored in vi-
trimers, and a new type of epoxy vitrimers were successfully prepared
via cross-linking bisphenol A epoxy with self-synthesized trifunctional
monoesterified cyclic anhydrides. Trifunctional monoesterified maleic
anhydride (MT) showed higher reactivity toward epoxy group than
trifunctional monoesterified succinic anhydride (ST), and MT cross-
linked vitrimers relaxed faster than ST cross-linked one. According to
literature reports, auto-catalyzed vitrimers based on transesterification
could relax but were exceedingly difficult to be reprocessed. In this
work, reprocessing was achieved through the dynamic transfer catalysis
by the monoesterified anhydrides grafted in the cross-linked networks.
The dynamic transfer of catalytic group follows two mechanisms of
removal-monoesterification of cyclic anhydrides and transesterification
of monoesterified cyclic anhydrides with hydroxyl group. In virtue of
the conjugated structure of MT, dynamic transfer catalytic process of
MT cross-linked vitrimer was more obvious than ST cross-linked vi-
trimer. Besides, the auto-catalyzed vitrimers possessed high perfor-
mance with T of ~110 °C, Young’s modulus of ~3103 MPa and tensile
strength of ~70.6 MPa. Dynamic transfer catalysis is a new idea for the
study of vitrimers. However, how to maximize the efficiency of dy-
namic transfer catalysis and to achieve rapid reprocessing of vitrimers
still requires further exploration.
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