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Strong yet Tough Catalyst-Free Transesterification Vitrimer
with Excellent Fire-Retardancy, Durability, and Closed-Loop

Recyclability

Guofeng Ye, Siqi Huo,* Cheng Wang, Qi Zhang, Hao Wang, Pingan Song,*

and Zhitian Liu*

Despite great advances in vitrimer, it remains highly challenging to achieve a
property portfolio of excellent mechanical properties, desired durability, and
high fire safety. Thus, a catalyst-free, closed-loop recyclable transesterification
vitrimer (TPN, 5o) with superior mechanical properties, durability, and fire
retardancy is developed by introducing a rationally designed tertiary
amine/phosphorus-containing reactive oligomer (TPN) into epoxy resin (EP).
Because of strong covalent interactions between TPN and EP and its linear
oligomer structure, as-prepared TPN, 5, achieves a tensile strength of

86.2 MPa and a toughness of 6.8 M] m—3, superior to previous vitrimer
counterparts. TPN, 5, containing 1.50 wt% phosphorus shows desirable fire
retardancy, including a limiting oxygen index of 35.2% and a vertical burning
(UL-94) V-0 classification. TPN, 5, features great durability and can maintain
its structure integrity in 1 M HCl or NaOH solution for 100 days. This is
because the tertiary amines are anchored within the cross-linked network and
blocked by rigid P-containing groups, thus effectively suppressing the
transesterification. Owing to its good chemical recovery, TPN, 5, can be used
as a promising resin for creating recyclable carbon fiber-reinforced polymer
composites. This work offers a promising integrated method for creating
robust durable fire-safe vitrimers which facilitate the sustainable development
of high-performance polymer composites.

polymer composites or adhesives in the ar-
eas of electric equipment, construction, traf-
fic, and aerospace due to its superior elec-
trical insulation, mechanical strength, and
chemical and physical durability.!! How-
ever, these thermosetting resins are ex-
tremely difficult to recycle for their sta-
ble covalently cross-linked networks.?! As
a result, most end-of-life thermosetting
resins tend to be incinerated or buried,
usually leading to serious impacts on the
earth’s environment and human health.

Introducing dynamic covalent bonds
(DCB, such as p-hydroxyl ester,3!
imide,®8] siloxane,[*1%) and disulfidel'-!3])
into cross-linked networks has been proven
an effective methodology to solve their
inability to be recycled, since they un-
dergo bond exchange reaction under
external stimuli, for example, light, heat,
and chemicals, realizing the topological
rearrangement. Based on an associative
exchange mechanism, these thermosetting
resins are known as vitrimers, and great
efforts have recently been devoted to its
development.['*1¢ The transesterification
vitrimer based on exchangeable f-hydroxyl

1. Introduction

Thermosetting resins, one of the most significant polymers,
are being widely applied as a resin matrix for fiber-reinforced

ester bonds was first obtained by using an additional catalyst
(zinc acetate) to induce the transesterification within the poly-
mer network (see Figure 1a). The external catalyst, however, can
leach out from the vitrimer matrix in the long-term application
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Figure 1. a) Illustration for the dynamic covalent networks of previous transesterification vitrimers. b) The schematic of the dynamic covalent network
of TPN 54 in this work. c) Comparison of the topology freeze temperature (T,), tensile strength, and recovery of tensile strength for previously reported
vitrimers and TPN, 5,. d) Digital photographs of TPN; 5 (sample size: 30 mm X 6 mm x 2 mm) immersed in HCl (1 M), NaOH (1 M), water, petroleum

ether (PE), dimethyl sulfoxide (DMSO), methanol, acetone, and toluene.

process, which can cause irreversible damage to the environment
and humans.['”] Therefore, it is imperative to develop catalyst-
free vitrimers. By chemically linking the a-CF; groups to the g-
hydroxyl ester-containing dynamic covalent network, a catalyst-
free vitrimer was fabricated and it can be reprocessed by hot-
pressing at 150 °C for 2 h.18] The vitrimer network with both
p-hydroxyl ester and catalytic groups can undergo topological
rearrangement, thus achieving recycling and reprocessing (see
Figure 1a).

In addition, the intrinsic flammability of thermosetting resins
is a major barrier inhibiting their high-tech applications. The co-
valently introducing phosphorus-based and hydroxyl groups into
a dynamic covalent network imparts flame retardance and cat-
alytic function to the EP system, resulting in a transesterifica-
tion vitrimer with a UL-94 V-0 rating, a limiting oxygen index
(LOI) of 36.0%, and the ability to be recycled at 220 °C.["] How-
ever, these vitrimers usually suffer from unsatisfied mechani-
cal performances, restricting industrial applications. Moreover,
due to the presence of DCB, these vitrimers show poor anti-
aging, chemical, and creep resistance. Therefore, it has remained
a great challenge to develop advanced vitrimers with desirable
mechanical properties, fire retardancy, and durability (chemi-
cal/aging/creep resistance).

To address the above challenges, a fire-retardant, catalyst-
free recyclable transesterification vitrimer (TPN, ,,) with supe-
rior mechanical properties and durability was prepared by co-
valently linking an as-synthesized tertiary amine/phosphorus-
containing linear oligomer (TPN) to the EP/methyl tetrahydroph-
thalic anhydride (MeTHPA) network (see Figure 1b). The bi-
phase flame-retardant actions of P-containing groups endow
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TPN, 5, with great fire retardancy. Since the catalytic tertiary
amines are fixed in the dynamic covalent network and blocked
by rigid phosphorus-based groups, the resultant TPN; ¢, shows
superior chemical/aging/creep resistance, with a topology freeze
temperature (T,) reaching 258 °C, which is higher than those
of previous vitrimer counterparts (see Figure 1c).[+811:17:20-27]
TPN; 5, can maintain structural integrity after being soaked in
1 M HCl or NaOH solution for 2400 hours (see Figure 1d). In ad-
dition, the tensile strength of TPN, ¢, is as high as 86.5 MPa be-
cause of the in situ strengthening effect of TPN (see Figure 1c).[%8!
The outstanding durability and mechanical robustness of TPN, 5,
make it superior to its existing counterparts. Due to the tertiary
amines chemically connecting to the vitrimer network, TPN; ,
can be recycled in a closed-loop, and as a polymer matrix to fabri-
cate the advanced carbon fiber reinforced polymer (CFRP) com-
posites, of which both matrix and carbon fibers (CFs) are chemi-
cally recyclable. Hence, this work provides a promising approach
for creating high-performance epoxy vitrimers.

2. Results and Discussion

2.1. Optical and Mechanical Properties

The high transparency of EP makes it ubiquitously used in coat-
ings, optical devices, and other fields. Therefore, the development
of transparent EP vitrimers greatly contributes to their industri-
alization. The visible transparency of EP and TPN-containing EP
(TPN,, x was representative of its phosphorus content) vitrimers
was evaluated by a visible spectrophotometer and digital cam-
era. The visible spectra of all EP samples and the digital photo
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Figure 2. a) Visible transmission spectra of EP samples and the digital image of TPN; 5, (film size: 50 mm x 50 mm x 0.2 mm). b) Tensile stress—strain
curves, c) toughness, and d) impact strength of EP samples. e) Comparison of toughness and tensile strength for TPN; 5o and previously reported
vitrimer systems. Scanning electron microscope (SEM) images of fractured surfaces for f) EP and g) PN, 5o. h) SEM image and elemental mappings of
fractured surface for TPN 5o. SEM images of fractured surfaces for i) PN, 5o and j) TPN s after etching by N, N-dimethylacetamide for 24 h.

of TPN, 5, are shown in Figure 2a. All TPN, vitrimers show high
transparency, with their transmittance close to that of pure EP
in the wavelength of 650 to 900 nm. Specifically, TPN, 5, shows
transmittance of 86.4% at 700 nm, which is slightly higher than
85.6% of EP. The superior optical properties of TPN, vitrimers
are primarily attributed to the good compatibility between EP
and TPN because of the similarity in their backbone structure
and covalent interactions (see Section S3, Supporting Informa-
tion). In addition, the good compatibility of EP and TPN is a crit-
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ical factor for TPN, vitrimers to achieve superior comprehensive
performances. "]

The mechanical properties of EP, TPN,, and con-
trol  vitrimer sample  with ((bis(2-hydroxypropyl)-
amino)oxy)diphenylphosphine oxide (PN,s,, its phosphorus
content = 1.50 wt%) were investigated in detail (see Figure 2b-d;
Figure S4 and Table S3, Supporting Information). Clearly,
TPN, shows better mechanical performances than EP, and
the mechanical properties of TPN, gradually enhance with
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increasing loading level of TPN. TPN, ¢, displays the best me-
chanical properties among all TPN,, and its tensile strength
(o), elongation at break (§), toughness, impact strength (ay),
critical stress intensity factor (Kic) and critical energy release
rate (Gc) reach 86.2 MPa, 11.6%, 6.8 M] m~3, 3.3 k] m™2, 1.5
MPa-m'/?, and 7.2 k] m~2, which are 48.4, 118.9, 325.0, 50.0,
36.4, and 50.0% higher than those of EP, respectively. Notably,
the o, 6, toughness, K¢, and G,c of PN, g, are all much lower
than those of TPN;, and only comparable to those of EP.
The toughening and strengthening effects of TPN are mainly
due to its linear oligomeric structure.”®! In addition, the o
and toughness of TPN;., and previous vitrimers are com-
pared in Figure 2e.3#81213172022.262730-371 Qbviously, TPN; s,
displays higher ¢ and toughness than previous vitrimers, in-
cluding transesterification-, Schiff base-, and disulfide-based,
demonstrating that introducing our rationally designed reactive
oligomer into EP vitrimers can break the trade-off between
strength and toughness.

Additionally, the dynamic mechanical properties of EP sam-
ples were investigated by dynamic mechanical analysis (DMA).
The crosslink density (p) of EP samples is determined by
the classical theory of rubber (see Section S1.5, Supporting
Information).*®] The storage modulus (E’) and tan delta plots and
resulting data are presented in Figure S4c,d and Table S3 (Sup-
porting Information). The introduction of TPN results in signif-
icantly increased E’ values (at 30 °C) of TPN, relative to that of
EP, indicating that the introduction of TPN improves the rigid-
ity of epoxy vitrimers.'*”) The glass transition temperature (T,) of
TPN, samples is lower than that of EP. It is attributed to the in-
troduction of linear oligomeric TPN, which reduces the crosslink-
ing density of epoxy vitrimers. Notably, TPN; 5, demonstrates the
highest T, and p among all TPN, samples, which is mainly due to
the chemical reaction of abundant hydroxyl groups in TPN with
the EP matrix (see Section S3, Supporting Information). Besides
strength and toughness, TPN can dramatically enhance the rigid-
ity of epoxy vitrimers.

The morphology of the fracture surface for EP specimens was
characterized by SEM to explore the toughening and strength-
ening mode of action for TPN. The micrographs of the cross-
sections for the EP, PN, ,,, and TPN;, specimens after Izod
impact tests are illustrated in Figure 2f~h. The EP and PN, g,
samples show smooth fracture surfaces, reflecting their mode of
brittle fracture. However, the cross-section of TPN; 5, is rough in
the presence of TPN. In addition, within the fractured surface of
TPN; 5o, numerous shear bands are detected. Furthermore, both
nitrogen and phosphorus atoms are homogeneously dispersed
in the fractured surface of TPN, 5,, which is consistent with the
results of transparency, further confirming a good compatibil-
ity between EP and TPN. The formation of shear bands indi-
cates the in situ toughening and strengthening effects of the well-
dispersed TPN.[334] To further characterize the microstructures
of PN, 5, and TPN; 5, their fractured surfaces were etched with
N,N-dimethylacetamide (DMAc) for 24 h. After the evaporation
of solvent, the fractured surfaces were investigated with SEM,
and the results are listed in Figure 2i,j. The etched cross-section
of PN, 5, shows distinguishable holes, which suggests that small
PN molecules suffer from poor interactions with the epoxy ma-
trix, resulting in inferior mechanical properties.[*!] In contrast,
there are insignificant holes or phase-separated structures on the
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etched fracture surface of TPN, ;,. This phenomenon indicates
that the reactive, oligomeric TPN forms strong covalent interac-
tions with the epoxy matrix to resist solvent etching.?8! When the
EP matrix is subjected to external forces, the strong covalent in-
teraction of TPN with the matrix resists further crack propagation
and dissipates lots of energy. In conclusion, the linear TPN can
form strong covalent interactions with the EP matrix, thus adjust-
ing the crosslinking density and the flexible nature of the vitrimer
network, and effectively enhancing the robustness, stiffness, and
toughness.

2.2. Flame-Retardant Performances and Mode of Action

LOI and UL-94 tests were conducted on EP, PN, ;, and TPN,,
with data presented in Figure 3a. The EP is flammable, as re-
flected by a low LOI of 19.2%, and fails to pass the desired
UL-94 V-0 rating. With the addition of TPN, both LOI and UL-
94 ratings are dramatically improved. Specifically, the TPN; ,,
achieves an LOI of 32.4% and passes a UL-94 V-1 rating. The
TPN, 5, passes a UL-94 V-0 with a high LOI of 35.2% when the
phosphorus content further increases to 1.50 wt%. In addition,
PN, s, containing the same P content as TPN, g, also achieves
an LOI of 34.6% with a UL-94 V-0 rating. The results indicate
that the P element plays a critical role in enhancing the fire re-
tardancy of EP vitrimers. To probe the combustion behaviors
of EP and TPN,, the cone calorimetry test (CCT) was carried
out,>* with the obtained results illustrated in Figure 3b,c and
Table S4 (Supporting Information). With the addition of TPN,
the heat release of EP vitrimers is decreased dramatically. Specif-
ically, the peak heat release rate (PHRR) and total heat release
(THR) of TPN, s, reduce to 433.4 kW m~2 and 57.0 M] m~,
with 45.0% and 31.5% decreases relative to those of EP. The
time to ignition (TTI) of the TPN, samples is shortened due to
the pyrolysis of the phosphorus-containing groups at relatively
lower temperatures.[*}] The average effective heat of combus-
tion (AEHC) is used to evaluate the intensity of the combus-
tion for gas-phase volatiles.[*/l The AEHC of TPN, 5, drops from
22.1 MJ kg™! of EP to 14.9 MJ kg~! by 48.3% (see Table S4, Sup-
porting Information). Evidently, the radical-quenching effect of
the P-containing decomposition fragments from TPN is respon-
sible for the reduced gas-phase combustion of the matrix. In ad-
dition, the TPN, vitrimer shows significantly improved residual
weight at flameout (RWF) than EP (see Table S4, Supporting In-
formation). Specifically, the RWF of TPN, 5, increases from 4.6%
of EP to 10.8%, with a 134.8% enhancement. Therefore, TPN
facilitates the charring of the EP matrix during burning, which
is in accordance with the results obtained by thermogravimetric
analysis (TGA) (see Section S4, Supporting Information). Mean-
while, the denseness and degree of expansion of TPN, ., char
are remarkably improved in comparison with those of EP char
(see Figure 3f), which further indicates the protection effect of
TPN, 5, char.®] The flame-retardant mode of action can be di-
vided into three parts: flame inhibition effect (FIE), charring ef-
fect (CE), and barrier and protective effect (BPE).[“#’] The FIE
is related to the gaseous-phase flame retardancy, and the CE and
BPE are related to the condensed-phase flame retardancy. The
FIE, CE, and BPE values of EP samples are listed in Table S4
(Supporting Information). The FIE value is increased with the
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Figure 3. a) LOI and UL-94 results of EP samples. b) Heat release rate curves and c) total heat release plots of EP samples. d) FTIR of the pyrolysis
products of EP and TPN; 5o at T,,,,. €) Total ion chromatogram of TPN. f) Top- and side-view digital images of residual chars for EP and TPN; 5.
g) Raman spectra of residual chars for EP samples. h) High-resolution XPS P2p spectra of residual char for TPN; 5.

increasing phosphorus content, demonstrating the gradual en-
hancement in the gas-phase flame-retardant effect. Additionally,
the BPE values of TPN, are in high levels, which are = 20%. In
combination with the residual char results from TGA and CCT,
TPN also functions in a condensed phase during combustion by
a barrier/protective effect. In sum, TPN acts in both gas and con-
densed phases via flame inhibiting and barrier/protective effects
to suppress the combustion, thus enhancing flame retardancy.
Thermogravimetric analysis-infrared spectrometry (TG-IR)
and Pyrolysis-gas chromatography/mass spectrometry (Py-
GC/MS) tests were employed to investigate the gas-phase
mode-of-action.[*®#] First, the Fourier transform infrared spec-
troscopy (FTIR) of the decomposition volatiles for EP and
TPN, 5, at the temperature of the maximum weight loss rate
(Tae) is shown in Figure 3d. Their decomposition products
are similar and consist mainly of ethers (1175 cm™!), aromatic
compounds (1510 cm™!), carbonyl compounds (1805 cm™),
CO, (2365 cm™), hydrocarbons (2975 cm™') and water (3650
cm™!). Notably, all absorption intensities of these characteristic
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peaks for TPN, s, are lower than those for EP (see Figures S5
and S6, Supporting Information). Hence, the decomposition
products of TPN greatly suppress the thermal decomposition
and facilitate the charring of the EP matrix during burning.
Furthermore, a new peak of P=0O is observed at 1128 cm™!
from TPN,;, (see Figure 3d).°°! It confirms the generation
of the P-containing fragments from TPN, which can further
decompose into P-containing radicals to suppress gas-phase
burning by quenching the high-energy radicals derived from the
EP matrix. Moreover, the total ion chromatogram of TPN and
the major pyrolysis products are summarized in Figure 3e and
Table S5 (Supporting Information). The amine-based organics,
phosphorus-containing fragments, and aromatic derivatives
are the main pyrolysis products of TPN. In the initial pyrolysis
stage, the nitrogen-containing fragments are released at the
retention time of 1.53, 1.62, 4.10, 8.98, and 9.41 min due to the
presence of weak C—N bonds. Along with the release of nitrogen-
containing fragments, abundant phosphorus-containing and
aromatic organics are generated, which further indicates that
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the diphenylphosphine oxide group pyrolyzes to release P-
containing radicals with a radical-quenching effect after cleavage
from the backbone of TPN.[’12l Based on the above results,
the release of phosphorus-based radicals is responsible for the
reduced gas-phase burning degree of TPN,.

To characterize the condensed-phase mode-of-action, Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS) were
carried out to investigate the degree of graphitization, chem-
ical composition, and bonding state of the EP residual char
from CCT.I>)] The residual chars display the D and G bands at
1360 and 1605 cm™, belonging to the amorphous carbon and
graphite structures, respectively (see Figure 3g). The integral
area ratio of the D-band to the G-band (I, /I;) is directly related
to the graphitization degree of char.>*l With increasing phos-
phorus content, the I,/ value of residual char monotonically
decreases, indicative of an increased degree of graphitization.
Hence, the decomposition products of TPN facilitate the char-
ring of EP and increase the degree of graphitization of the
residual char during combustion, which inhibits heat release
and oxygen transfer. Additionally, the char of EP includes the
C (76.31 wt%), N (1.58 wt%), and O (22.11 wit%) elements (see
Table S6, Supporting Information). In the Cls spectrum of EP
char, three deconvolution peaks belonging to C=0, C—O/C—N,
and C—C/C—H are detected. In the N1s spectrum, two peaks
attributed to N—C and N—H appear, and in the O1ls spectrum,
two deconvolution peaks assigned to O—C and O=C are observed
(see Figure S7a—c, Supporting Information).’® In addition to
the above elements, the P (0.86 wt%) element can be detected
in the char of TPN, 5, (see Figure 3h; Figure S7d-f, Supporting
Information). In addition, both P—O and P=O groups are
identified in the P2p spectrum of TPN, s, char, indicating that
the condensed-phase decomposition products of TPN are the
phosphate derivatives. Meanwhile, the C content of TPN, ¢, char
increases from 76.31 wt% of EP char to 78.66 wt%, which implies
that the decomposition products of P-containing groups for TPN
have reacted with the carbon-containing groups in EP during
burning, leading to an increased carbon content. In summary,
the P-containing decomposition products of TPN catalyze the
EP matrix to form a compact and expanded char with a high
graphitization degree on its surface during burning, which can
impede the transfer of heat and protect the underlying substrate.
Meanwhile, the phosphorus-based radicals derived from TPN
trap the active radicals produced by the degradation of the EP
substrate, inhibiting the combustion in the gas phase. Therefore,
the superior fire retardance of TPN, vitrimers is mainly due
to the bi-phase modes of action of the phosphorus-containing
groups in TPN.

2.3. Aging/Solvent/Creep Resistance

Due to the dynamic covalent networks of vitrimers, they are
usually susceptible to aging, solvent, and creep, significantly re-
stricting their practical applications.l**8] To assess the antiag-
ing of TPN,, the accelerated aging tests were performed on both
TPN;, s, and PN, 5, under different conditions (80 °C deionized
water for 7 days; 100 °C oven for 7 days; 1 M HCI for 36 h;
1 M NaOH for 36 h; and UV light for 7 days), with the re-
sults presented in Figures 4a—f and S8 (Supporting Informa-

Small 2024, 20, 2404634

2404634 (6 of 10)

www.small-journal.com

tion). The transparency and morphology of PN, s, and TPN, s,
are preserved after various aging tests (see Figure S8, Support-
ing Information). Remarkably, the UL-94 classification of PN, 5,
is reduced from V-0 to V-1 after different accelerated-aging test-
ing, while that of TPN, g, is unchanged (see Table S7, Support-
ing Information). Moreover, TPN, ;, exhibits much lower mass
loss, reduction of tensile strength, and reduction of LOI than
PN, ;, after different kinds of aging tests, indicative of superior
environmental stability (see Figure 4a—f). Also, the solvent resis-
tance tests of PN, 5, and TPN, s, were conducted, with the re-
sults shown in Figure 1c and Figure S9 (Supporting Informa-
tion). TPN, , can effectively maintain its structure integrity for
more than 240 h in various polar and non-polar solvents, for ex-
ample, water, DM SO, methanol, acetone, tetrahydrofuran (THF),
ethyl acetate (EA), trichloromethane (TM), toluene, and PE, and
for more than 2,400 h in 1 M HCl or 1 M NaOH solution. How-
ever, PN, s, swells and degrades after a short immersion in these
solvents. These results demonstrate that TPN, 5, shows better
solvent resistance than PN, .

The creep time-temperature superposition (TTS) plots of
PN, , and TPN, q, are shown in Figure 4gh. For PN, ., and
TPN; 5o, the temperatures at which creep strain is lower than
1.0% are 70 and 80 °C, and the break temperatures are 90 and
100 °C. TPN, 5, features superior creep resistance to PN, .. In
addition, the stress relaxation curves for TPN, ;, are reported in
Figure S10 (Supporting Information). TPN, ;, shows stress relax-
ation at high temperatures, and its G/G,, value can only reduce to
0.6 at 200 °C for 10* s, further indicating that TPN, ., has good
dimensional stability. In fact, the G/G, value of TPN, 5, cannot
be reduced to 1/e at high temperatures, and thus the thermal
expansion method was selected to determine the T, of TPN, 5,
(see Figure 4i). The T, of TPN, ;, reaches 258 °C, which is 36 °C
higher than that of PN, 5, (222 °C), further confirming its better
creep resistance. The T, of TPN] o, is also compared with those of
previously reported vitrimers in Figure 1 and Table S8 (Support-
ing Information). TPN, ;, exhibits a greater thermal dimensional
stability than PN, s, as reflected by a higher T, . These results con-
firm that chemically anchoring the catalytic sites (tertiary amines)
into the backbone of the transesterification vitrimer network can
restrict its migration and catalytic activity, thus endowing the vit-
rimer with superior aging, solvent, and creep resistance. In addi-
tion, Gibbs free energy was calculated through simplified chem-
ical models to investigate the effect of the neighboring group
for tertiary amine on its catalytic activity toward transesterifica-
tion reaction (see Figure 4j; Figure S11, Supporting Information).
Three simplified reaction models were developed, including 2-
hydroxypropyl acetate (HA) + simplified TPN (STPN), HA +
((bis(2-hydroxypropyl)amino)oxy)diphenylphosphine oxide (PN),
and HA + N-methyl diisopropanolamine (NA). The HA + STPN
system shows the highest barrier potential in the first and sec-
ond transition states among the three reaction models, demon-
strating its lowest reactivity. This also implies that the rigidity of
the neighboring groups for the tertiary amine plays an important
role in its catalytic effect toward transesterification reactions.!!
In conclusion, it is the anchoring effect of the tertiary amines
within the crosslinking network and the blocking effect of rigid
phosphorus-containing groups on the amine groups that con-
tribute to enhanced durability (aging, chemical, and creep resis-
tance) of epoxy vitrimers.

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85US017 SUOWILLOD BAIERID 3(gedljdde By A pausech a/e SN YO (88N JO S3INJ 104 AR.GIT BUIIUO AB]IM UO (SUORIPUOD-PUR-SWIRILOY B 1M ARe.1d 1 BU1IUO//SANY) SUORIPUOD PUe SWS L 3L3 39S * [7202/2T/80] U0 ARiqIT BUIIUO AB]IM ‘|10UN0D YoJeessy IIPRIN PUY UiSH UORN Ad YE9P0KZ0Z 1ILS/Z00T OT/10p/wod" A8 |1 AReiq1puljuo//Sdny Wwouy pepeoiumod ‘Sy ‘v20e ‘6Z89ETT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a 144
PN1.50
1.24 111
2 1.0
E 0.8
2 06 05 05
=
0.4 0:'[3
024 0.1
0.0 T T T T ‘—
cawee ov
yea! yed Ho N w
d 1.4
TPN, 50
1.2
= 1.01
o
2 0.8
= 06
7] i
8 o6 I
0.4 0.3 0.3
I :
0.2 0.1 0.1
0.0 T T T T !—
atel
peat® o peat e SN oL NN
35 110
g PN1.50
Break 100
30 90 °C
—T 90
—~ 80
=
= L70
©
5 60
50
L40
30
T 20
0 20 80 100
Creep time (min)
j °
J £
=
[
Q
4

Transition 1

(D,) aimesadwa |

Reduction of tensile strength (%) T

Reduction of tensile strength (%) @

Strain (%)

PN, 50

8.5
>
6.6
= 5.9
£
5.0

WO walt

4.6
£

TPN; 50

43

3.6

= 29 3.1
i

po et w

35

TPNy 50

Lao0

20 40 60 80

T T T T T 20
100 120

Creep time (min)

Transition 2

(D,) ainjesadwa |

STPN_ts2: 198.53

(9]

Reduction of LOI (%) Reduction of LOI (%)

Strain (%)

smidll

www.small-journal.com

55

5.2

4.6
= 4.3

PN, 50

4.9

W

naot

w

1.7

TPN; 50

2.8

vied

L& wate?

yeat (e}

oo

N\

—o—TPN, 59
—o—PN;5

To= 256
M

J
T,=258°C

50

§eeed
b +

NA_im2

150 200
Temperature (°C)

100

STPN_im2

250

g

NA_im2 & PD: 1.52

300

B
"“ STPN_im2 & PD: 8.17

Figure 4. Mass loss of a) PN, 5o and d) TPN s, after different accelerated-aging tests. Reduction of tensile strength for b) PN 54 and €) TPN; 5o
after different accelerated-aging tests. Reduction of LOI for c¢) PN, 5 and f) TPN, 5o after different accelerated-aging tests. Creep time-temperature
superposition curves of g) PN 5o and h) TPN, 5. i) Thermal expansion curves of PN, 5q and TPN; 5o from DMA. j) Calculation of the Gibbs free energy
of the transesterification reaction of different simplified models by density functional theory (DFT).

Small 2024, 20, 2404634

2404634 (7 of 10)

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85UB0|7 SUOLULIOD BAIER.D 3[eal|dde 8y Aq peuenob a2 DRI YO 88 JO S3INI 104 ATeiq1 8UIIUO 481/ UO (SUORIPUCD-PUR-SWLBIALIOD™AB| 1M AReiq] U UO//SHU) SUORIPUOD PUe SWB | 8U) 88S *[202/2T/80] U0 Aiq1 8UIIUO A8|IM *110UN0D UoJeesey 1PRIN PUY L3SH BUOIBN AQ #E970¥20¢ [ILUS/Z00T OT/I0p/wiod" A Im Aseqjeutjuo//sdiy o1 papeojumoq 'Sy ‘¥Z0Z ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED Sl

www.advancedsciencenews.com www.small-journal.com

a b THNMR
3a
3f 3e3d3c 3P
" P3
50 °C HCl o
72h | - Separation - 2 2 2 o,
2b
_Ph 1c 1a
LA B N Tl S
8 & 4 2 0
Chemical shift (ppm)
C
Chemical recovery
(o]
3b
0 o _h_oH 3¢ OH
0 Q " .
H
3cT 3d
3a @
P3
e f
il 100.0 99.4 99.4
1004 95.1 93.6 65 1004
80+ g s
5 @ 754 = 754
o 2 9
= 60 w2 [
[s}
g az; 50 - “S 504
[z ——TPN, 5 § 3
——— TPN, 5-R1 g &
204 — TPNy5-R2 |
——— TPN, 5-R3
0 T T T T T T 0-
0 2 4 6 8 10 12 R R2 R3
Strain (%) 1PN1 50 1PN1 50 PN1 80
g 3 h i 35]
Original CF Recycled CF : —— Original-CF
3 3.04 ——— Recycled-CF
~ 2.5
©
o]
S 204
@
L 154
%)
1.0
0.5
0.0 T T T T

00 05 10 15 20 25 30
Strain (%)

Figure 5. a) Chemical recovery process for TPN; 5o. b) "H NMR of the chemically recovered compounds (P1, P2, and P3). c) Possible recycling mech-
anisms for TPN; 5. d) Tensile stress—strain curves of TPN; 5o, TPN; 50-R1, TPN; 50-R2, and TPN, 5o-R3. €) Recovery of tensile strength for TPN; 50-R1,
TPN; 50-R2, and TPN; 59-R3. f) Recovery of LOI for TPN; 50-R1, TPN; 50-R2, and TPN; 55-R3. SEM images of g) original and h) recycled CFs. i) Tensile
stress—strain curves of original and recycled CFs.

Small 2024, 20, 2404634 2404634 (8 of 10) © 2024 The Author(s). Small published by Wiley-VCH GmbH

d 'St 7202 '6289ETIT

dny wouy

85UB0|7 SUOLULIOD BAIER.ID) B[l |dde 8Ly Aq peuenob e SR O 88N JO S9N 104 A%eiq1 8UIIUO A8]1M UO (SUORIPUOD-PUR-SUWLIBIALIOD B 1M ARe1q U |UO//SdIY) SUORIPUOD PUe SWB L 8U) 885 *[17202/2T/80] U0 ATiq1 8UIIUO A811M ‘[10UN0D Yoeesay BOIPRIN PUY UHESH [BUOIN AQ YE9Y0Y202 IILUS/Z00T OT/I0p/LoD A |Im A


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

2.4. Chemical Recovery

Because of the dynamic features, vitrimer can normally be re-
paired, reprocessed, and recycled by topological rearrangement
of its dynamic covalent network under external stimuli, such
as light, heat, and chemicals. These features make the vitrimer
one promising polymer matrix for manufacturing CFRP compos-
ite because of its recyclability. For CF-reinforced vitrimer com-
posites, the chemical recovery method is more suitable than
the physical one (by heat) since it can recycle both polymer
monomers and CFs. Hence, the chemical recycling of TPN, 5,
was first investigated. Initially, the chemical degradation process
was investigated by characterizing the degradation products of
TPN; 0. As displayed in Figure 5a, it completely degraded in
THF/NaOH (volume ratio = 8:2) at 50 °C for 72 h. The obtained
solution was neutralized with 1 M HCl until its pH value reached
7. After the removal of solvent, the resultant products were sepa-
rated by column chromatography as P1, P2, and P3. Taking P1
as an example, the 3!'P nuclear magnetic resonance (NMR) of
P1 shows a single shift at 31.0 ppm (see Figure S12, Supporting
Information). In the 'H NMR spectrum of P1 (see Figure 5b),
the chemical shifts near 6.7 to 7.8 ppm are assigned to the ben-
zene protons; the shifts ~ 5.0 ppm are attributed to the proton of
—OH; the shifts between 3.7 to 4.3 ppm correspond to the pro-
tons of —O—CH,-; and the chemical shifts ~ 3.3 and 2.3 ppm
belong to the protons of —CH— and —N—CH,-, respectively. No-
tably, the chemical shift of P1 at 1.6 ppm is assigned to the pro-
tons of —CH,;- from the bisphenol A-derived group. These results
suggest that P1 is a TPN derivative (see Figure 5c). In addition,
P2 and P3 are found to be bisphenol A-bis(2,3-dihydroxypropyl)
ether and methyltetrahydrophthalic acid by analyzing their 'H
NMR (see Figure 5b), which are the derivatives of DGEBA and
MeTHPA, respectively (see Figure 5c). Hence, TPN, 5, can be
chemically degraded into two monomers and one oligomer by
the hydrolysis of its ester groups (see Figure 5c) in a mild condi-
tion. The resultant P1, P2, and P3 can also be applied to regen-
erate the TPN, s, vitrimer by mixing in N, N-dimethylformamide
(DMF) at 80 °C, removing DMF under reduced pressure, and hot-
pressing at 150 °C under 5 MPa for 2 h. The re-formed TPN; ¢, is
denoted as TPN, ;,-Ry, where y represents the recovery times. As
shown in Figure 5d—f and Table S9 (Supporting Information), the
TPN; 5,-Ry maintains the mechanical and flame-retardant prop-
erties of the original TPN, 5,. The recovery of tensile strength for
TPN; 5,-R3 after three chemical recycling cycles reaches 90.0%,
and the recovery of LOI is as high as 99.4% (the recovery calcu-
lation methods listed in Section S1.5, Supporting Information),
and the recycled TPN; s, still passes a UL-94 V-0 rating. Thus,
TPN; 5, is a closed-loop recyclable vitrimer. In addition, the recy-
clability of TPN; 5, vitrimer is better than that of PN, , vitrimer
in terms of recovery of the tensile strength (see Tables S9 and
S10, Supporting Information).

Additionally, the TPN; s, vitrimer was used as a resin matrix for
manufacturing recyclable CFRP composites. The CFs can be fully
recovered by dissolving the TPN; , matrix of the composite in the
THF/NaOH solution (see Figure S13, Supporting Information).
The recycled CFs have a similar surface morphology to the origi-
nal CFs, and no polymer matrix is left on the recycled CF surface
(see Figure 5gh). To quantitatively analyze the performances of
the recycled CF, the single-fiber tensile tests were performed on
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both original and recycled CFs. The tensile strength and elonga-
tion at the break of the recycled CF are 3.1 GPa and 2.7%, respec-
tively, close to 3.2 GPa and 2.8% of the original CF (see Figure 5i;
Table S11, Supporting Information). Hence, the TPN,, vit-
rimer can be recycled in a closed-loop chemical manner and
reused many times (at least 3 times), which shows broad ap-
plication prospects in the creation of advanced recyclable CFRP
composites.

3. Conclusion

In this work, a high-performance, strong yet tough fire-
safe TPN, 5, vitrimer with superior durability and closed-loop,
catalyst-free recyclability was developed based on a rationally de-
signed phosphorus/tertiary amine-containing, reactive oligomer
(TPN). Because the catalytic sites (tertiary amines) are anchored
within the crosslinked network and blocked by rigid phosphorus-
containing groups, the TPN, ;, vitrimer exhibits superior chem-
ical, anti-aging, and creep-resistant properties. The TPN, g, vit-
rimer features outstanding mechanical properties, with tensile
strength and toughness respectively reaching 86.2 MPa and
6.8 M] m~3, outperforming previous vitrimer counterparts. Due
to the gas/condensed-phase flame-retardant action of phospho-
rus, the TPN, ,, vitrimer shows desirable fire retardancy (LOI:
35.2% and UL-94 V-0). Importantly, the TPN, g, vitrimer can be
chemically recovered up to 3 times, making it a promising poly-
mer matrix for the fabrication of advanced, recyclable CFRP com-
posites, in which both matrix and CFs are closed-loop recyclable.
Therefore, this work provides a simple yet effective strategy for
the creation of catalyst-free, closed-loop recyclable vitrimers com-
bining exceptional mechanical, fire-retardant, and durable per-
formances, which is expected to significantly expedite the practi-
cal application of vitrimer.

4. Experimental Section

This section is presented in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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