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Bio-based vitrimers from divanillic acid and
epoxidized soybean oilf

*

Yunfan Zhang, “& Enomoto Yukiko“® and Iwata Tadahisa

Divanillic acid (DVA), a symmetrical dimer of vanillic acid, is a novel aromatic building block for bio-based
polymers. In the present study, we prepared DVA-derived crosslinked vitrimers, which constitute a new
class of thermosetting polymers formed via dynamic covalent bonds. We cured two series of bio-based
vitrimers, OHESO-x and BUESO-x (x represents the COOH/epoxy ratio, x = 1.5, 1.0, 0.7) derived from
DVA and butoxylated DVA, respectively, with epoxidized soybean oil (ESO) in the presence of
a transesterification catalyst. Depending on the side chain structures and x values, the glass transition
temperatures (T4s) and Young's moduli of the vitrimer films varied from 20 to 62 °C and from 3 to
286 MPa, respectively. The OHESO-x vitrimers had higher Tgs and Young's moduli than the BUESO-x
vitrimers with the same x values. This was due to the hydrogen bonds formed by the free phenolic
hydroxyl groups and unreacted carboxylic acid groups. We confirmed dynamic transesterification by
stress relaxation testing, and characterized the reprocessability and self-healing properties of the vitrimers.

Bio-based polymers have received considerable attention in both academia and industry owing to their outstanding environmental benignity. However, most
commercialized bio-based polymers are aliphatic polyesters, such as poly(lactic acid) and poly(butylene succinate), which fail to satisfy all market demands
because of their limited thermal and mechanical properties. As a result, there has been growing interest in using bio-based aromatics to develop bio-based

aromatic polymers with enhanced material properties. This work focused on developing high-performance and recyclable polymeric materials using renew-

able natural feedstocks by applying the concept of vitrimer, which is a class of polymers crosslinked via dynamic covalent bonds. It aligns with the UN's

Sustainable Development Goals 12 (responsible consumption and production), 13 (climate action) and 15 (life on land).

1 Introduction

The world is currently facing some tough challenges, such as
global energy supply and environmental issues. Therefore,
polymeric materials made from renewable natural feedstocks
(i.e., bio-based polymers) are attracting burgeoning attention
worldwide owing to their huge potential as alternatives to
petroleum-based polymers.>*> Representative bio-based poly-
mers include aliphatic bio-based polyesters derived from the
fermentation products of carbohydrates, such as poly(lactic
acid) (PLA) and poly(butylene succinate) (PBS), which have been
extensively studied and industrialized.*>* Recently, researchers
have focused on biomass-derived aromatics with the aim of
obtaining high-performance aromatic polymers with versatile
applicability. For example, poly(ethylene furandicarboxylate)
has received considerable interest owing to its outstanding
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thermal and gas barrier properties.>® The use of lignin frag-
ments or other plant-derived aromatics, such as vanillic acid”?
and gallic acid,’ to prepare polymers is also a current trend.
We recently systematically synthesized and characterized
aromatic bio-based polymers derived from divanillic acid (DVA),
which is a symmetrical dimer of vanillic acid, such as
polyesters,'*™® polyamides,'** and polyketones.'* DVA and
divanillin (DV) are seen as promising bio-based building blocks
because they can be synthesized using enzymes as green cata-
lysts,””*®* and their biphenyl structures increase the rigidity of
the polymer chains, thereby endowing the material with favor-
able thermal and mechanical properties. Nevertheless, accord-
ing to previous works by Cramail et al."*~** and our own group, it
is challenging to use DVA or DV to prepare polymers directly.
The free phenolic hydroxyl groups are usually alkoxylated to
enhance the miscibility of DVA/DV with other comonomers.
Therefore, the preparation of DVA/DV-derived polymers is not
sufficiently cost-effective. Furthermore, unlike some conven-
tional aromatic polymers such as poly(ethylene terephthalate),
linear DVA/DV-derived polymers, especially DVA-derived poly-
esters, are virtually impossible to crystallize. This significantly
limits their practical use. Cramail et al. proposed a new
approach to preparing DV-derived polymers: the formation of
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a thermosetting resin with a network topology cured from easy-
to-prepare DV-based epoxy monomers.* Likewise, based on the
material design strategies used for polyesters and epoxy
resins,”** we considered using DVA to prepare recyclable
crosslinked polymers with favorable material performances by
applying the concept of the vitrimer.

Vitrimers are a class of polymeric materials that are cross-
linked by dynamic covalent bonds.***” Under certain conditions
(usually high temperature), bond exchange reactions occur and
the molecular chains become mobile. The materials then
become malleable and processable (i.e., exhibit thermoplas-
ticity). Because vitrimers undergo various types of bond
exchange reactions, including transesterification,****>" trans-
amination of vinylogous urethanes®*** and diketoenamines,**
dioxaborolane metathesis,*>*° silyl ether transalkoxylation®” and
metathesis®® etc., vitrimers provide more possibilities for the
design and construction of polymer networks. Furthermore,
vitrimers can be recycled by physical or chemical methods, and
some of them are biodegradable.*® Therefore, they are potential
candidates for a new generation of eco-friendly crosslinked
polymeric materials.

Bio-based vitrimers have received growing attention in
recent years because they provide a facile means of utilizing
biomass-derived compounds with multiple functional groups
or complicated chemical structures.*** For example, several
research groups have prepared vitrimers from compounds or
macromolecules such as rosin derivatives,*"** tannic acid,** and
modified lignin;**** they have little or no polymerizability (i.e.,
are not suitable for traditional polymerization). Among the
biomass-derived monomers, vanillin and epoxidized soybean
oil (ESO) have been extensively studied as building blocks for
bio-based vitrimers or other dynamically crosslinked
polymers.*®*¢-5* This is because vanillin has a relatively simple
chemical structure among naturally occurring aromatics, and
ESO is a low-cost, industrially produced epoxy. In many
previous works, some petrochemicals or multiple reaction steps
were still necessary to introduce exchangeable moieties (e.g.,
vinylogous urethane and imine bonds) into the monomers. This
fact made the process less environmentally friendly. In addi-
tion, although bio-based aliphatic acids, such as citric acid and
sebacic acid, have been used to obtain transesterification-based
vitrimers, there is a lack of research focusing on the direct use of
bio-based aromatic acids as vitrimer monomers. Therefore, as
we introduced earlier, DVA may offer a promising solution as
a bio-based aromatic acid for the preparation of bio-based vit-
rimers with enhanced material properties.

In this present work, we prepared and characterized the fully
bio-based vitrimers based on the dynamic transesterification of
DVA or butoxylated DVA (BuDVA) and ESO. We cured DVA/
BuDVA-ESO mixtures in the presence of zinc acetylacetonate
hydrate (a transesterification catalyst), and subsequently fabri-
cated vitrimer films. Next, we investigated the effects of the side
chain (i.e., the phenolic hydroxyl and butoxy groups of DVA and
BuDVA, respectively) and the stoichiometric ratios of the
carboxylic acid/epoxy groups on the thermal and mechanical
properties of the vitrimers. At high temperatures, we confirmed
transesterification by stress relaxation testing. We also
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determined the reprocessability, self-healing,
memory properties of the obtained vitrimers.

and shape

2 Experimental
2.1 Materials

Zinc acetylacetonate hydrate [Zn(acac),, 98%] and potassium
hydroxide (KOH, >85%) were purchased from Wako Pure
Chemical Industries, Ltd. The ESO (epoxide equivalent weight =
233.2 g eq.” ") was generously donated by New Japan Chemical
Co., Ltd. All other reagents were obtained commercially and
used as received.

2.2 Synthesis of DVA and BuDVA

DVA and BuDVA were synthesized by the hydrolysis of dimethyl
divanillate (Me-DVA) and dimethyl dibutoxy divanillate (Me-
BuDVA) (Scheme 1); Me-DVA and Me-BuDVA were prepared
according to the method we have used previously.*?

DVA.>*®> Me-DVA (10.00 g, 27.6 mmol, 1 equiv.) and KOH
(12.38 g, 220.8 mmol, 8 equiv.) were dissolved in a tetrahydro-
furan (THF)/water solution (350 mL, 1: 1, v/v). After stirring the
mixture at 70 °C overnight, the red aqueous layer was acidified
with hydrochloric acid to induce precipitation. The precipitate
was filtered, washed several times with deionized water, and
dried in vacuo at. DVA was obtained as a pale orange solid
(8.86 g, 96% yield).

BuDVA. Me-BuDVA (10.00 g, 21.1 mmol, 1 equiv.) and KOH
(9.46 g, 168.6 mmol, 8 equiv.) were dissolved in 30 mL of
methanol. After stirring the mixture at 40 °C overnight, we
washed it with ethyl acetate, and acidified the colorless (or light
yellow) aqueous layer with hydrochloric acid to induce precip-
itation. The precipitate was filtered, washed several times with
deionized water, and dried in vacuo at 70 °C. BuDVA was ob-
tained as a white powder (7.72 g, 82% yield).

2.3 Preparation of DVA/BuDVA-ESO vitrimers

As shown in Fig. 1, two series of vitrimers, named OHESO-x and
BuESO-x, were prepared in the present study. OH and Bu
represent the DVA (R = H) and BuDVA (R = Bu) monomers,
respectively, and x represents the ratio of carboxylic acid
(COOH) groups to epoxy groups (i.e., x = COOH/epoxy, n/n). The
formulation of the vitrimers is summarized in Table 1. We used
5 mol% (relative to the amount of COOH groups) of Zn(acac), to
catalyze the transesterification.

OCH;

e

OCH;

l OR
HOOC

COOCH; __KOH COOH
HsCO0C O O
RO RO
OCH, OCH;
Me-DVA or Me-BuDVA DVA o BuDVA
(R=H) (R=Bu) (R=H) (R=Bu)

Scheme 1 Synthesis of divanillic acid (DVA) and dibutoxydivanillic acid
(BUDVA).
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Fig.1 Preparation and images of the DVA/BUDVA—-ESO vitrimer films.

Table 1 Formulations of the DVA/BuDVA—-ESO vitrimers

Epoxy COOH

group group
Codes ESO (g) (mmol) Diacid Diacid(g) (mmol) x“
OHESO-0.7 2.00 8.57 DVA 1.00 6.00 0.7
OHESO-1.0 1.43 8.57 1.0
OHESO-1.5 2.15 12.86 1.5
BuESO-0.7 2.00 8.57 BuDVA 1.34 6.00 0.7
BuESO-1.0 1.91 8.57 1.0
BuESO-1.5 2.87 12.86 1.5
“ x = n(COOH group)/n(epoxy group).

2.3.1 Preparation of OHESO-x vitrimer films. Pre-

determined amounts of DVA, ESO, Zn(acac),, and 10-20 mL of
ethanol were introduced into a 50 mL round-bottom flask
together. The resulting suspension was stirred vigorously at 60 ©
C for 10-20 min (it should be noted that the DVA only partially
dissolved in the ethanol). The excess ethanol was then removed
using a rotary evaporator, and the mixture was further dried in
vacuo at 80 °C overnight. The mixtures when x = 0.7 and 1.0
comprised viscous brown slurries, and the mixture when x = 1.5
was a brown powder. Subsequently, the dried mixtures were
sandwiched between two Teflon® sheets (0.2 mm thick) and
cured at 180 °C for 6 h to form OHESO-x vitrimer films.

2.3.2 Preparation of BuESO-x vitrimer films. Pre-
determined amounts of BuDVA, ESO, Zn(acac),, and 10-20 mL

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of THF were introduced into a conical flask together and stirred
at room temperature for 10-20 min. After the reactants had
dissolved in the THF, the resulting solution was poured into
a Teflon® Petri dish. When the THF had evaporated, the cast
mixture was cured at 180 °C for 6 h without external pressure to
form the BUESO-x vitrimer films.

2.4 Characterization

2.4.1 Nuclear magnetic resonance (NMR) spectroscopy. ‘H
and "*C NMR spectra of DVA and BuDVA were obtained using
a JEOL JNM-A500 FT-NMR (500 MHz) spectrometer at 25 °C,
with DMSO-ds as the solvent and tetramethylsilane as the
internal standard.

2.4.2 Fourier-transform infrared (FT-IR) spectroscopy. FT-
IR spectra of the monomers and vitrimers were obtained
using an attenuated total reflectance Fourier-transform infrared
(ATR FT-IR) spectrometer (FT/IR-6800; JASCO Co., Tokyo, Japan)
in the range 400-4000 cm™'. The powders or films of the
samples were fixed on the diamond single-reflection ATR
accessory (ATR Pro-one; JASCO Co., Tokyo, Japan) for
measurement. We carried out 64 scans for each measurement.

2.4.3 Thermalgravimetric analysis (TGA). The thermal
degradation temperatures of the vitrimers were determined
using a TGA-50 instrument (Shimadzu, Japan). In each trial, a 3-
6 mg film fragment was placed in an aluminum pan without
a cover and heated from 30 to 550 °C at a rate of 20 °C min "
under a nitrogen gas atmosphere.

2.4.4 Dynamical mechanical analysis (DMA). The glass
transition temperatures (Ty) of the vitrimers were assessed
using a DMA 8000 analyzer (PerkinElmer, USA) operating in
single cantilever mode. In each trial, a slice of vitrimer film was
loaded into a metal material pocket and heated from —30 to
220 °C under a nitrogen atmosphere. The heating rate and
frequency were fixed at 3 °C min~' and 1.0 Hz, respectively. The
storage (E') and loss (E") moduli, and the tan (tan 6 = E'/E")
values were recorded.

2.4.5 Stress relaxation. The stress relaxation behaviors of
the vitrimers were evaluated using an MCR 302 rheometer
(Anton Paar, Austria) with a 25 mm parallel-plate (P25 kit)
geometry. The measurements were conducted over a tempera-
ture range of 170-200 °C. The specimens were first heated to the
corresponding temperatures and then held for 15 min to reach
equilibrium. Subsequently, a strain of 3% was applied, and the
relaxation modulus of each specimen was recorded as a func-
tion of time. An axial force of 15-20 N was applied to ensure
a good contact between the specimen and the plate.

2.4.6 Tensile tests and film reprocessing. Tensile tests of
vitrimer films were performed using an EZ-LX instrument
(Shimadzu, Japan) at room temperature. The tensile speed was
10 mm min~" and the initial gauge length was 10 mm. At least
five tensile specimens (25 mm x 4 mm) were tested for each
measurement. The maximum tensile strength (oy,ax), maximum
elongation (emax), and Young's modulus (E) were recorded. For
OHESO-1.0 and BuESO-1.0, the broken pristine vitrimer films
were used directly for subsequent reprocessing without further
pulverizing. These fragments were sandwiched between two

RSC Sustainability, 2023, 1, 543-553 | 545
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Teflon® sheets and pressed at 230 °C and 5 MPa for 1 h. The
mechanical properties of the resulting reprocessed films were
determined. The same process was repeated five times, and the
mechanical properties of the reprocessed films were recorded as
a function of reprocessing time.

2.4.7 Observation of self-healing behaviors and shape
memory properties. The self-healing behaviors of OHESO-1.0
and BuESO-1.0 were investigated using a BX53F2 optical
microscope (Olympus, Japan). A piece of vitrimer film was first
scratched using a razor blade at room temperature. The initial
average width of the crack was measured. It was then cured in
an oven at predetermined temperatures higher than its T,
without external force. The width changes of the crack were
observed as a function of healing time. The obtained optical
microscope images were processed using Image]J software.>®

The shape memory behavior of OHESO-1.0 was investigated
in a series of heating-and-reheating processes. A strip of
OHESO-1.0 film was reshaped and recovered at 7 = 100 °C
(above its T,). Memory erasing and rewriting of the original
specimen were also conducted at T = 180 °C. The details are
discussed in the ESL

3 Results and discussion
3.1 Monomers and materials preparation

The diacid monomers DVA and BuDVA were synthesized via the
hydrolysis of their dimethyl esters (i.e., Me-DVA and Me-BuDVA,
respectively). As shown in Fig. 2(a) and (b), the proton signals at
0 = 3.9 ppm, attributed to the methyl esters of Me-DVA or Me-
BuDVA, have vanished compared with in the "H NMR spectra of
Me-DVA and Me-BuDVA in our previous work."” Furthermore,
the proton signals at 6 >12 ppm (6 = 12.54 and 12.88 ppm for
DVA and BuDVA, respectively) were assigned to COOH protons.
All other signals can be assigned to the corresponding protons,
the details of which are provided in Section S1.

e
|
HonB
d (HonB)
(-OCH,- on Bu)
e

L
13 12 11 10 9 8 7 6 5 4 3 2 1
Chemical shift (ppm)

Fig. 2 ™H NMR spectra of (a) DVA and (b) BUDVA in DMSO-dg. The
peaks are described in detail in the ESI.}
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OHESO-x and BUESO-x vitrimers with x = 0.7, 1.0, and 1.5
were prepared in the present study. As shown in Fig. 1, all the
BuESO-x films were transparent and homogeneous in color,
OHESO-0.7 and OHESO-1.0 were semi-transparent, and
OHESO-1.5 was opaque. It was considered that the BuDVA-ESO
mixtures were prepared homogeneously, as mentioned in
Section 2.3. In contrast, in the DVA-ESO mixtures, the free
phenolic hydroxyl groups of the DVA molecules can form
hydrogen bonds with the surrounding phenolic OH and/or
carbonyl groups, and readily aggregate together. Conse-
quently, the OHESO-x vitrimers were fabricated from immis-
cible DVA-ESO mixtures and were heterogeneous in
appearance. These cured vitrimer films only swelled (or partially
dissolved) in conventional organic solvents, so we studied their
structures by swelling experiments and FT-IR spectroscopy. The
swell ratios and gel contents of the vitrimers are listed in Table
S1.7 All the cured vitrimers exhibited high gel content values
(>80%), which suggests that crosslinked networks had formed.
For both OHESO-x and BuESO-x, vitrimers with x = 1.0
exhibited relatively high gel content values, which corre-
sponded to their higher crosslink densities compared with
those with x = 0.7 and 1.5. We attributed this result to the fact
that the diacids did not completely react with the epoxy or
hydroxyl groups (especially for vitrimers with x = 1.5), and
therefore some free COOH groups remained. The unreacted
COOH groups were also confirmed by FT-IR. During the
swelling process, some linear segments, including unreacted
monomers and uncrosslinked oligomers, were extracted from
the vitrimer matrix. However, the quantitative relationship
between the extracts and the difference in crosslinking density
remains unclear.

The IR spectra of the monomers and cured OHESO-1.0 and
BuESO-1.0 vitrimers are shown in Fig. 3, and the spectra of
other vitrimers with x = 0.7 and 1.5 are shown in Fig. S2 and
S3.1 In the present study, we focused on three regions of the IR
spectra: (1) 3800-3200 cm ™ *, (2) 1780-1620 cm ', and (3) 870-
800 cm ™', which correspond to the absorption of hydroxyl
groups, carbonyl groups, and epoxy groups, respectively.>>*"
In the 3800-3200 cm™ ' region, there was broad absorption
attributable to the free aliphatic OH groups, which derived from
the ring-opening of the epoxy groups, of all the BUESO-x and
OHESO-0.7 vitrimers (Fig. S2 and S31). For the OHESO-1.5 and
OHESO-1.0 vitrimers, these broad peaks overlapped with the
absorption of the free phenolic OH and COOH groups. As
mentioned before, because DVA molecules tend to aggregate
together owing to the interaction of hydrogen bonds, some
COOH groups remained unreacted during the curing process.
In the 1780-1620 cm ' region, there were peaks close to
1710 cm ', which were assigned to the carbonyl groups of the
aromatic esters, between the peaks attributable to the carbonyl
groups of ESO (1740 cm ™) and those of the original aromatic
acid (1685 and 1674 cm " for DVA and BuDVA, respectively).
This indicates that the aromatic acid groups reacted with the
epoxy groups (or reacted with the OH groups generated from
ring-opening), and formed new ester bonds during curing and
transesterification. Moreover, for all the OHESO-x and BuESO-
1.5 vitrimers, there were shoulder peaks corresponding to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) FT-IR spectra of ESO, DVA, OHESO-1.0, BUDVA, and BUESO-1.0, and enlarged views of regions (b) 3800-3200 cm™2, (c) 1780—

1620 cm™?, and (d) 870-800 cm™™.

COOH groups, which also suggests that some free COOH
groups remained. In the 870-800 cm™ " region, the character-
istic peaks attributable to epoxy groups (843 and 823 cm™ ') of
the ESO vanished after curing in both the OHESO-x and BuESO-
x vitrimers. This demonstrates that all the oxirane rings had
been opened. The peak near 820 cm ™ * produced by OHESO-x—
the intensity of which increased as x increased—may have
derived from the unreacted COOH groups. According to the
previous research,’”® the homopolymerization of epoxy tends
to occur at a relatively high level in a high epoxy/COOH envi-
ronment (ie., off-stoichiometry) and at high curing tempera-
tures, and the absorption of the C-O-C ether bond would
appear in the regions of 1200-1100 cm ™. In the present work,
even in the cases of x = 0.7, we did not observe any distin-
guishable absorption of ether bonds. Overall, the results dis-
cussed above indicate that we had successfully prepared DVA/
BuDVA-ESO vitrimers crosslinked by ester bonds. However,
unreacted carboxylic acid groups remained in the matrices of
the OHESO-x and BuESO-1.5 vitrimers.

3.2 Thermal properties of the vitrimers

The thermal properties of the vitrimer films were assessed by
TGA and DMA. Table 2 lists the T, the temperature at which the
mass loss became 5% (Tgs0,), and the temperature at which the

maximum degradation rate occurred (Tymax) Of each film. The
TGA and derivative TG (DTG) curves of the vitrimers are shown
in Fig. 4. The thermal degradation of each vitrimer began at
approximately 240 °C, which is similar to the degradation
temperature of an epoxy resin.’*-** The OHESO-x vitrimers had
lower Tyso, values than the BUESO-x vitrimers because they had
more free phenolic OH groups and unreacted COOH groups.
The OHESO-x and BuESO-x vitrimers had comparable Tgmax
values, but had lower Tys¢, values than the aromatic bio-based
polyesters, such as DVA-derived polyesters reported by us
previously,*>** and furandicarboxylic acid-derived polyesters>®*
(e-g:5 Taso > 360 °C and Tgmax > 400 °C). These results may be
explained as follows. At low temperatures, dehydration occurs
much faster in OH-rich environments (i.e., when a large number
of aliphatic OH groups are generated by ring-opening). This
causes faster chain scission in vitrimers.® At higher tempera-
tures, vitrimers exhibit similar thermal degradation behaviors,
such as B-hydrogen scission, to those of polyesters. Therefore,
their Tgmax values occurred in the same temperature ranges.
The T, values of the vitrimers were determined by DMA
according to the peak temperatures of tan 6 (the loss or damp-
ing factor) in the present study (Fig. 5). The T, values of the
OHESO-x and BuESO-x vitrimers were in the ranges 43-62 °C
and 20-44 °C, respectively. The T, values of OHESO-1.0 and

Table 2 Thermal and mechanical properties of the DVA/BUDVA-ESO vitrimers

Codes T, (°C) Tases” (°C) Tamax” (°C) Tmay” (MPa) Emax’ (MP2) E (MPa)
OHESO-1.5 62 324 393 Not measured?®

OHESO-1.0 45 314 405 13.6 £ 1.1 13.6 £ 2 286 + 49
OHESO-0.7 43 332 413 129+ 1.4 23.6 + 13.7 276 + 81
BuESO-1.5 44 358 414 Not measured®

BuESO-1.0 36 362 416 4.8 £ 0.6 69 + 12 57 £ 11
BuESO-0.7 20 357 409 1.9 + 0.3 116 + 16 2.9 £ 0.5

¢ By DMA (peak temperature of tan 6). ?

The temperature at which the mass loss became 5%. ¢

The temperature at which the maximum degradation

rate occurred. ¢ The maximum tensile strength.  The elongation at break.” The Young's modulus. ¢ The films were too brittle to conduct tensile

tests.
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Fig. 4 (a) TGA and (b) derivative TG (DTG) thermograms produced by
OHESO-x and BUESO-x at a heating rate of 20 °C min™%.

OHESO-0.7 were almost equal, and were lower than that of
OHESO-1.5. The T, of BuESO-x increased as x increased.
Generally, a high gel content corresponds to a high crosslinking
density and T, value of the crosslinked polymer. It was noticed
that the order of T,s was different from that of gel contents. The
heterogeneity in vitrimer networks possibly caused this
discrepancy. The T,s of the OHESO-x vitrimers were higher than
those of the BuESO-x vitrimers of the same x values, even
though the gel contents of the BUESO-x vitrimers were higher
than those of the OHESO-x vitrimers. This may be explained by

View Article Online

Paper

the large free volume generated by the long Bu side chains of
BuDVA, which endowed the molecular chains of the BUESO-x
vitrimers with greater mobility. Furthermore, the hydrogen
bonds formed by the free phenolic OH groups acted as physical
crosslinks. As mentioned earlier, bio-based carboxylic acids and
epoxy compounds have been used to develop vitrimer materials
before. For example, Altuna et al.*® prepared citric acid-ESO-
based vitrimers (T, < 30 °C), and Zhang et al** prepared
ozonated-lignin-based vitrimers (T, > 90 °C). Therefore, high-
rigidity monomers (e.g., cyclic or aromatic monomers) with
multiple functional groups (i.e., more crosslinking points) can
be used to prepare vitrimers with high T, values.

3.3 Stress relaxation behavior

Stress relaxation is a common phenomenon of polymer mate-
rials. When a polymer is subjected to stress, its molecular
chains tend to move to relax the stress, and relaxation becomes
more rapid as the temperature increases.®® In vitrimers, stress
relaxation behavior is closely related to the bond-exchange
reaction.”® Therefore, we performed stress relaxation tests in
the present work to confirm transesterification and evaluate the
reaction rate. The stress relaxation curves of OHESO-1.0 and
BuESO-1.0 at 170-200 °C, and those of the OHESO-x and
BuESO-x vitrimers at 200 °C, are shown in Fig. 6.

We measured the G,/G, change in the time range 0-20 000 s,
where G, and G, represent the relaxation moduli at times ¢ and
0, respectively. Except for in the case of BUESO-1.0 at T = 170
and 180 °C, there was an apparent decrease in G,/G, in each
stress relaxation curve. This indicates that transesterification
did occur during heating. Moreover, as shown in Fig. 6(a) and
(b), the G,/G, values decreased more rapidly as the temperature
increased, corresponding to the increase in the trans-
esterification rates. At T'= 200 °C, BUESO-0.7 exhibited the most
rapid decrease in G,/G, [Fig. 6(d)]. This may have been because
the concentration of free aliphatic OH groups was higher in
BuESO-0.7 than in BuESO-1.0 and BuESO-1.5. Therefore,

BuESO-0.7 underwent more rapid transesterification.*®
I i I ' I ! I ' I ' I I I I ! 020
1 — 3 °C/min (a) (b)
” OHESO-x| BUuESO-x|
= 08 0.15
S
©
g
8 06 — x=1.0 _| 01002
©
N +
'(—_“ 45°C
. _43°C
% 04 | _ 005
pd we >
'I _Xx=07 R B s L e i 0.00

Temperature (°C)

-20 20 60 100 140 180 220 -20 20 60 100 140 180 220

Temperature (°C)

Fig.5 DMA thermograms of (a) OHESO-x and (b) BUESO-x obtained at a heating rate of 3 °C min~*. The Ty values are indicated by black triangles.
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Fig.6 Normalized stress relaxation curves of (a) OHESO-1.0 and (b) BUESO-1.0 at T =170-200 °C, and normalized stress relaxation curves of (c)

OHESO-x and (d) BUESO-x at T = 200 °C.

However, OHESO-0.7 and OHESO-1.0 had the lowest and
highest relaxation rates of the OHESO-x vitrimers, respectively
[Fig. 6(c)]. Unfortunately, we did not succeed in finding a plau-
sible explanation for this irregular result, which may have been
caused by the high heterogeneity of the OHESO-x matrix.

In a general Maxwell model, G,/G, can be expressed by the
simple exponential function:

G,/Gy = e<_£>

where 7 is the relaxation time, which is defined as the time when
G,/Gy = 1/e(0.37). However, in the present study, OHESO-x and
BuESO-x exhibited more complex stress relaxation behaviors.
According to several previous works,** we applied a stretched
exponential function to fit the relaxation curves:

()
G/Gy= e ) te

Although this function cannot accurately describe the
relaxation behaviors of the OHESO-x vitrimers in the time
ranges ¢ < 10” s, the relaxation of the vitrimers in the present
work was relatively slow (i.e., the G,/G, values decreased to less
than 0.5 at ¢ < 10” s). Therefore, this function can be used to
describe the relaxation behaviors in the long time ranges to
evaluate the fitted relaxation time (tg,). The experimental data
fitted well using this function, with R* values higher than 0.99.
The best-fit values of 74, and the § and c¢ parameters are
summarized in Table S2.7

The relaxation times of the vitrimers in the present study
were obviously longer than those of other transesterification-
based vitrimers, the 7 values of which are typically in the

© 2023 The Author(s). Published by the Royal Society of Chemistry

range 10> to 10° s at T values close to 200 °C.2%*4% In other
words, the transesterification rates of the DVA vitrimers were
lower than those reported in most previous studies. To the best
of our knowledge, only Altuna et al. have reported comparable
slow relaxation behavior (t > 20000 s at T = 160 °C) in citric
acid-ESO-based vitrimers.”® There are many factors that affect
the rates of stress relaxation, such as the types and concentra-
tions of catalysts,” crosslinking densities,””> branch numbers
on crosslinker,” and polarity of the networks,” etc. We attrib-
uted the low relaxation rates of our vitrimers to the bulky and
rigid chemical structures of the crosslinkers (i.e., DVA and
BuDVA), which reduced the movability of molecular chains and
thus slowed down the reorganization of networks.

We calculated the approximate activation energy (E,) of the
transesterification reaction using the Arrhenius equation:**”°

E,

In(tg) = —InA + =T

where R is the gas constant. The E, values of OHESO-1.0 and
BUESO-1.0 were 111.8 £ 18.7 and 118.6 + 22.7 kJ mol !,
respectively, which were higher than the value (=90 kJ mol )
reported by Leibler et al.”® This suggests that the OHESO-x and
BuESO-x vitrimers underwent slow transesterification during
heating as a consequence of the high activation barrier.

3.4 Mechanical properties of the pristine and reprocessed
vitrimer films

The stress-strain curves of OHESO-x and BUESO-x (x = 0.7 and
1.0) are shown in Fig. 7, and their mechanical properties are
summarized in Table 2. BUESO-1.0 had higher oy, and E
values, but lower ¢, values than BUESO-0.7, which agreed with
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Fig. 7 Stress—strain curves of OHESO-x and BUESO-x vitrimer films (x
= 0.7 and 1.0).

the result that BuESO-1.0 had a higher crosslink density.
However, OHESO-1.0 had o.,.x and E values that were only
slightly higher than those of OHESO-0.7. This resembled their
respective T, relationships (the T, of OHESO-1.0 was only
slightly higher than that of OHESO-0.7). The increase in x had
a more pronounced effect on the thermal and mechanical
properties of BUESO-x compared with OHESO-x. Although the
crosslink density of OHESO-1.0 was higher than that of OHESO-
0.7, the unreacted and aggregated DVA moieties acted as
defects, and caused a deterioration in the material properties.

(a)

1 Reprocessing

cycle
— —
Hot press
pristine film film fragments reprocessed film
(c)
16 5
OHESO-1.0 BuESO-1.0
12 0 (pristine) Times of 4 T pristine)
—~ reprocessing| Times of
g ' 3 reprocessing
=3 ’ .
2°7] :
o 5| 2
2] 4
4 4
4
0 T T T 0 T T T T T
0 10 20 30 40 0 20 40 60 80
Strain (%) Strain (%)

Fig. 8
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Therefore, OHESO-1.5 and BuESO-1.5 (noted that there were
also unreacted COOH groups remained in BUESO-1.5) became
too brittle for tensile tests.

One of the attractive properties of vitrimers is that they can
be reprocessed and remolded at the high-temperatures at which
bond exchange occurs. Therefore, vitrimers can be used to
develop recyclable thermosets. In the present study, we inves-
tigated the mechanical properties of reprocessed OHESO-1.0
and BuESO-1.0 vitrimer films over five reprocessing cycles
using the method described in Section 2.4. Images and stress—
strain curves of the reprocessed films, and the retention of their
mechanical properties after reprocessing, are shown in Fig. 8.
The max, €émax, aNd E values are summarized in Table S3.T After
reprocessing, the films were still coherent and self-standing,
but became softer (especially the OHESO-1.0 film), and dark-
ened in color compared with the pristine films. Similar cases
have been reported previously.**® The o, and E values of
OHESO-1.0 and BuESO-1.0 decreased to 40-50% of their orig-
inal values during reprocessing. The e, of the reprocessed
BuESO-1.0 fluctuated between 70% and 110% of its original
value, whereas that of the reprocessed OHESO-1.0 increased by
more than 140% of its original value after three cycles of pro-
cessing. This may be attributed to the decrease in crosslink
density owing to thermal degradation at the high reprocessing
temperature (230 °C), which was confirmed by reduced inten-
sities of hydroxyl group absorption via FT-IR (Fig. S7 and S87).
This deterioration of mechanical properties can be improved by
grinding the fragments into fine powders or prolonging the
curing time, although it should be noted that thermal degra-
dation should also be taken into account.” Using chemical
methods to recycle vitrimer materials is also a good way of
avoiding thermal degradation.**>’® These results suggest that
although the reprocessed DVA-derived vitrimers cannot be used

(b) Times of reprocessing —

0 (Pristine) 1 2 3 4 5

OHESO-1.0
(d)

BuESO-1.0

IN]
a
S

150

Reprocessed OHESO-1.0

Reprocessed BUESO-1.0
o, B, e

200 +

150

100 ~

o
S
1

Retention of mechanical properties (%)
o
L

1 2 3 4 5 1 2 3 4 5

Times of reprocessing Times of reprocessing

(a) Reprocessing the vitrimer films. (b) Images of the OHESO-1.0 and BUESO-1.0 films obtained whilst reprocessing them five times. (c)

Stress—strain curves of the pristine and reprocessed OHESO-1.0 and BUESO-1.0 films. (d) Retention rates of the mechanical properties of the
reprocessed vitrimer films. The retention rates at 100% are indicated by dashed lines.
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for the same application as the pristine vitrimers, owing to their
inferior properties, they had better reprocessability and recy-
clability compared to traditional thermosets.

3.5 Self-healing property

Self-healing is a characteristic of dynamically crosslinked
polymers. Bond exchange occurs during heating, which induces
the rearrangement of molecular chains near the cracks.
Consequently, the molecular chains refill the cracks, and the
matrix material is healed. As shown in Fig. 9, we investigated
the self-healing behaviors of OHESO-1.0 and BUESO-1.0 at T =
100 and 180 °C in the present work.

At T =100 °C [Fig. 9(a), (b), (e), and (f)], the crack in OHESO-
1.0 was barely repaired after 2 h. In contrast, the crack width in
BuESO-1.0 decreased from approximately 53 um to approxi-
mately 7 um in 1 h. Over 85% of the crack was healed (on the
basis of crack width). OHESO-1.0 only exhibited self-healing at
high temperatures. At T = 180 °C, [Fig. 9(c), (d), (g), and (h)] the
crack width of OHESO-1.0 decreased slowly from approximately
20 to 15 pm over 2 h, whereas the crack in BUESO-1.0 was almost
completely healed after 30 min. Obviously, BUESO-1.0 exhibited
much higher repair rates at a wide range of temperatures
compared with OHESO-1.0. This can be attributed to the
hydrogen bonds formed by the free phenolic OH groups in
OHESO-1.0. As mentioned previously, hydrogen bonds act as
physical crosslinks, and hinder the movement of molecular
chains, thereby slowing self-healing. In contrast to previous
reports,”””®* we did not observe complete healing in either
OHESO-1.0 or BuESO-1.0, confirming the slow trans-
esterification rates of our vitrimers (i.e., their E, values were
relatively high).

Conclusions

In the present study, we prepared two series of bio-based vitri-
mers, i.e., OHESO-x and BuUESO-x, by curing DVA or BuDVA with
ESO in the presence of a zinc-containing catalyst. Each vitrimer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Optical microscope images of (a—d) OHESO-1.0 and (e—h) BUESO-1.0 films healed at T = 100 and 180 °C. The scale bar represents 200 um.
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exhibited satisfactory thermal stability (T4qses > 300 °C).
Depending on their side chains and x values, the T, values,
Young's moduli, maximum elongation values, and tensile
strengths of the vitrimers were in the ranges 20-62 °C, 3-
286 MPa, 13-116%, and 2-14 MPa, respectively. As a result of
the hydrogen bonds formed by the free phenolic hydroxyl
groups and unreacted carboxylic acid groups remaining in the
OHESO-x vitrimers, and the large free volumes generated by the
butyl side chains in the BUESO-x vitrimers, the OHESO-x vitri-
mers had higher T,, Young's modulus, and maximum tensile
strength values than the BuESO-x vitrimers with the same x
values. At temperatures approaching 200 °C, both series of vit-
rimers exhibited stress relaxation resulting from dynamic bond
exchange reactions (i.e., transesterification). We also investi-
gated the shape memory, self-healing, and reprocessability
behaviors of OHESO-1.0 and BUESO-1.0. After reprocessing (up
to five cycles), the mechanical properties of the reprocessed
films recovered to approximately 50% of those of the pristine
films.

This present work demonstrates the feasibility of using
symmetrical bio-based aromatic divanillic acid to prepare
dynamically crosslinked vitrimers with favorable material
properties and reprocessability. It also provides some new
insights into the use of biomass-derived feedstocks to develop
sustainable adhesives, coatings, and alternatives to other
conventional thermosetting materials. Further research on the
preparation of homogenous vitrimer films, and improvements
to their thermal and mechanical properties are required before
they will be suitable for practical applications.
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