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We report vitrimer-like elastomers that exhibit significantly fast stress relaxa-
tion using carboxy exchange via the conjugate substitution reaction of a-
(acyloxymethyl) acrylate skeletons. This network design is inspired by a small-
molecule model that shows the carboxy exchange reaction even at ambient
temperature in the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO). The
acrylate and acrylic acid copolymers are cross-linked using bis[a-(bromo-
methyl)acrylates] and doped with 10 wt% DABCO, exhibiting processability to
obtain a transparent film by hot pressing. The high-speed bond exchange in
the network, validated by stress-relaxation tests, allows quick molding with
household iron. In addition, the material is applied as an adhesion sheet for
plastic and metal substrates. Because dynamic cross-linking with the proposed
bond exchange mechanism can be implemented for any polymer bearing
carboxyl pendants, our approach can be applied to versatile backbones, which

must thus be meaningful in the practical sense.

Vitrimers are a new class of cross-linked polymers proposed by Leibler
et al.!, and are defined as network polymers cross-linked by dynamic
covalent bonds (DCBs) that can undergo thermal or photo-activated
associative bond exchange'. Bond exchange in the network realizes
useful functions, including recyclability, healability, reprocessability,
and weldability>*. The meaning of associative bond exchange in vitri-
mers is occurrence of the new bond formation before the dissociation
of original bond pair, through the associated intermediates, such as in
the cases of addition-elimination and metathesis mechanisms*”.
Owing to the associative bond-exchange mechanism, the cross-linking
points of the vitrimer networks are always preserved during bond
exchange. Therefore, vitrimers exhibit unique rheological and flow
properties, such as Arrhenius dependence of viscosity or relaxation
time in the molten state®’, which is completely different from con-
ventional polymer materials such as thermoplastics and thermosets.
Notably, there is different, but similar type of materials, called vitrimer-
like materials. Such materials exhibit the feature of the Arrhenius

dependency, although the bond exchange passes through dissociative
bond exchange mechanism. In this case, the dissociated state is
immediately converted back to the associated state due to the ener-
getic favorability, during which the bond pair is exchanged. To dis-
tinguish them from true vitrimers, these materials are termed as
vitrimer-like materials®™.

Transesterification catalyzed by Lewis acids or bases is among the
most typical bond exchange reactions used for vitrimers because the
bond exchange is sufficiently slow to be ignored at room temperature,
but fast enough to induce processability at elevated temperatures'.
For a similar reason, the bond-exchange of vinylogous urethane and
boronic ester have been applied to vitrimers'. Notably, the relaxation
dynamics is one of the key factors governing the performances of
vitrimers®. For example, recent research has demonstrated a correla-
tion between healability/recyclability and relaxation rate. Although
various molecular parameters, such as the cross-link density and
fraction of bond exchangeable units, are known to influence the
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relaxation properties, the relaxation rate is essentially governed by the
kinetics of the bond exchange reaction as the primary process.
Therefore, the introduction of fast bond exchange reactions into
vitrimers or vitrimer-like materials is expected to achieve the efficient
generation of functions, although the types of such reactions are not
sufficiently explored.

Recently, allyl-substituted Michael acceptors (Fig. 1A) has gained
attention as a toolbox for chemical reaction networks (CRN)**. For
example, Eelkema and coworkers have reported CRN using conjugate
addition-substation reactions of «-(acetoxymethyl)vinylphosphonate
as a reversible state change of polymers between micellar assembly
and hydrogels™. On the other hand, we have reported the application
of the thiol exchange reaction of a-(thiomethyl)acrylate for cross-
linking and de-crosslinking at ambient temperature”. In thiol-
exchange reaction, the equilibrium includes the both the substitu-
tion products (State I and Ill) and the addition product (State II). In
contrast, some studies have implied a fast reversible carboxy-
exchange reaction that does not afford an addition product
(Fig. 1B)'*%%; this type of reaction is called conjugate substitution®* In
this study, we provide a detailed investigation of the carboxy-exchange
reaction by assessing the availability of a promising candidate for bond
exchange mechanism driven at a fast rate. Then, the carboxy-exchange

networks; although the carboxy-exchange reaction should pass
through dissociative bond exchange, the material exhibited Arrhenius
dependence of relaxation time over a broad temperature range, and
thus can be admitted as a vitrimer-like material. Owing to the high-rate
bond exchange, significantly fast relaxation is achieved, leading to a
new design of vitrimer-like materials that can exhibit useful functions
under mild and quick processes.

Results and discussion

Model carboxy-exchange reaction by conjugate substitution
reaction

To examine the potential for carboxy-exchange by the conjugate
substitution reaction, methyl a-(acetoxymethyl)acrylate (1a) was
treated with benzoic acid (2b) in deuterated chloroform (CDCIs) in the
presence of 1,4-diazabicyclo[2.2.2]octane (DABCO) (Fig. 1B). The 'H
NMR spectrum of the reaction mixture after 36 h showed a new set of
signals (Figs. 1C, 6.4 and 5.9 ppm for vinylidene protons, and 4.9 ppm
for allylic protons), suggesting the generation of «-(benzoylox-
ymethyl)acrylate (1b). Figure 1D shows the change of molar fraction of
1a estimated as an intensity ratio of allylic-proton signals (4.7 ppm for
1a and 4.9 ppm for 1b, respectively). The reaction system reached
equilibrium within 9 h at 25 °C, which suggested a reversible carboxy-
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Fig. 1| Model reaction of carboxy-exchange by conjugate substitution. A Allyl-
substituted Michael acceptors for CRN. B Model carboxy-exchange by conjugate
substitution reaction. C *H NMR spectral changes before and after carboxy
exchange using DABCO catalyst (400 MHz, 25 °C, solvents for each spectrum are
shown in legends). The labels for the signal assignments are corresponding to those

in B. The gray circles are assignable to both 3a and 3b. The full-scale spectra are
shown in Fig. S1 and Fig. S4D, E: Changes in the molar fraction of 1a during the
carboxy-exchange in CDCl; (D) and DMSO (E) in the presence of various amine
catalysts. The raw data from the 'H NMR spectra are shown in Figs. S1-S7.
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triethylamine (TEA) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as
the catalysts with lower nucleophilicity than DABCO. These results
suggest that the formation of ammonium intermediates (3a and 3b) is
the key to promoting the reaction because the nucleophilicity of the
tertiary amine catalyst significantly affects the reaction rate.

A similar reaction was performed using DABCO in deuterated
dimethyl sulfoxide (DMSO-d,) at 25 °C. The 'H NMR spectra (Fig. 1C) of
the reaction mixture after 24 h shows a set of signals (6.8, 6.4 ppm for
vinylidene protons and 4.2 ppm for allylic proton) different from 1a
and 1b. This suggested the existence of ammonium intermediates 3a
and 3b, stabilized by the solvation of DMSO. The detailed character-
ization is presented in Supplementary Information (section 2, Fig. S5,
Table S1). The decrease in 1a (Fig. 1E) indicated that the reaction sys-
tem almost reached equilibrium after 5 min, and was completed after
30 min. TEA and TBD also functioned as catalysts in DMSO, although
their reaction rates were lower than that in the presence of DABCO.
Therefore, the polar environment was effective in stabilizing ammo-
nium intermediates and promoting carboxy exchange. The ammo-
nium intermediate was observed in a co-solvent of DMSO-dy and CDCl;
(v/v=1/1, Fig. S8) as a set of weak 'H NMR signals, implying that a
significant amount of donor solvent was required to stabilize the
ammonium intermediate.

Preparation of cross-linked polymers

The above model reactions revealed that the carboxy exchange by
conjugate substitution reaction progressed even at 25 °C, the rate of
which was dependent on solvent polarity. Because the polarity and
diffusivity of the molecules are significantly different between the
solution and bulk systems, the results of the model reactions do not
immediately indicate their applicability to vitrimer-like elastomers.
Nonetheless, the fast bond exchange in the model reaction led us to
expect the development of new type of vitrimer-like materials with fast
relaxation dynamics. Note that the carboxy exchange is classified as
‘dissociative’ bond-exchange because it goes through a non-covalent
ammonium intermediate as described in the previous section, so the
target of this research should be regarded as vitrimer-like elastomers
rather than true vitrimers. Radical copolymerization of ethyl acrylate
(EA, 75 mol%) and tert-butyl acrylate (¢BA, 25 mol%) was conducted to
afford the corresponding copolymer, P4 (Fig. 2A). The number-
averaged molar mass (M,) and degree of molar mass dispersity (D)
were 37,500 g/mol and 2.61, respectively, while the composition was
[EA]/[tBA] =71/29. The treatment of the copolymer with trifluoroacetic
acid resulted in the selective and quantitative acidolysis of tert-butyl
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ester to yield carboxy (COOH) pendants, as confirmed by 'H NMR
(Fig. S12) and IR (Fig. S15) spectra. The rheological properties were
dramatically changed by this treatment (Fig. S18), where a clearer
rubbery plateau with a higher modulus was observed after acidolysis
probably due to the formation of physical cross-links via hydrogen
bonds between COOH side groups. The obtained copolymer, P5, was
cross-linked with 1,6-hexylene bis[a-(bromomethyl)acrylate] (6) in
tetrahydrofuran (THF) in the presence of excess TEA. The cross-linking
reaction was conducted such that the bromine atom contained in 6
became equimolar to the carboxyl pendants of P5 ([Br][/[COOH] =1.0).
Gelation was observed within 12 s (see Movie-1 in the Supplementary
Information), suggesting rapid progress of the cross-linking reaction.
The obtained gel was washed with N,N-dimethylformamide (DMF)
three times and with THF three times to remove unreacted TEA, the
biproduct of triethylamine hydrobromide, and the sol fraction. Finally,
88% of the total mass of P5 and 6, excluding the contribution of lib-
erating HBr, was obtained as the gel fraction. Gelation with different
feeding ratios of [Br]/[COOH] for copolymers with various composi-
tions (Table S2, Figs. S$9-S17) was also examined (Fig. S19A, Table S3).
The gel fraction decreased with an increase in the number of acrylic
acid (AA) units, probably due to the formation of a loop structure, that
is, intramolecular cross-linking (Fig. SI9B). In contrast, the feeding
ratio of the cross-linker did not significantly affect gel fraction. Because
P5 cross-linked using an equivalent of 6 ([Br]/[COOH] =1.0) resulted in
the highest gel fraction, the following experiments were conducted
using this resin.

As shown in Fig. 2B-a, hot-pressing of the dried cross-linked
sample at 140 °C for 2 min did not afford a uniform film, suggesting no
processability due to the three-dimensional polymer network struc-
ture. The sample was then soaked in THF solution of DABCO and dried
again. Remarkably, the hot-pressing of the sample containing 1 wt%
DABCO resulted in a film, although it was not transparent and a
wrinkled surface was observed (Fig. 2B-b). The increased feeding of
DABCO to 10 wt% resulted in a transparent film (Fig. 2B-c). Small-angle
X-ray diffraction analysis of this film (Fig. S20) did not exhibit any
peaks, suggesting no aggregation of components. Therefore, the film
was uniform on the microscopic scale. The realization of simple hot
processing to the homogeneous film after the cross-linking formation
implies the generation of a covalent adaptable network (CAN), a net-
work cross-linked by DCBs. Feeding DABCO to 54 wt% afforded a sticky
film (Fig. 2B-d). In the dynamic mechanical analysis (DMA, Fig. S21) in
the temperature sweep mode, the rubbery plateau region was not
obvious, and the storage modulus (G) remained close to the loss
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Fig. 2 | Preparation of vitrimer-like acryl elastomers. A Preparation of cross-linked polymers. B Photographs of hot-pressed samples without (a) and with 1wt% (b),

10 wt% (c), and 54 wt% (d) of DABCO.
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modulus (G”) above the glass transition, indicating critical gel beha-
vior. In this temperature range, the G’ value (<10°Pa) was much lower
than that of the sample doped with 10 wt% DABCO (>10°Pa) (Fig. S22;
details of the DMA data are explained in the next section). Therefore,
DABCO behaves as a plasticizer and interrupts the formation of a
stable cross-linked structure. An obvious flow was observed as the
reduction of both G’ and G” occurred at higher temperatures for the
sample with 54 wt% DABCO, whereas that with 10 wt% DABCO did not
exhibit such behavior. These observations are consistent with the
macroscopic appearance. The easier flow can be simply explained by
the increase in the catalyst to induce acceleration of bond exchange,
where the lowering of the cross-link density due to the plasticity effect
should also contribute.

Physical properties and bond exchange characteristics

The suitable amount of DABCO induced processability, where carboxy
exchange by a conjugate substitution reaction was the key to the
dynamic property of cross-linking. We thus examined the temperature
range and time scale for the relaxation induced by the present bond
exchange mechanism. The physical properties were investigated for the
cross-linked sample of P5 doped with DABCO (10 wt%) (in the following,
this sample is coded CL-P5). The DMA curves obtained during the
heating process (Fig. 3A) exhibits a clear rubbery plateau, indicating the
formation of a cross-linked structure. The DMA curves for both the
heating and cooling processes exhibited hysteresis (Fig. S22), which is a
common behavior for polymer materials as observed in the precursor
linear polymers P4 and PS5 (Fig. S18). Notably, the plateau modulus (ca.
2.2 MPa) was the same during the cyclic measurements, indicating that
the undesired side reaction did not occur and the cross-link density was
maintained during the high-temperature treatment. The a relaxation
temperature (T,), originating from the segmental motion, was observed
at 20°C, which is consistent with the 7 (19.0 °C) observed in DSC
(Fig. S23). Thermogravimetry-differential thermal analysis (TG-DTA) of
CL-P5 suggested that no thermal degradation occurred over the DMA
temperature range (Fig. S24), and the decomposition temperature,
defined as the temperature for the 5wt% loss, was ca. 280 °C. Fig. S25
shows the stress-strain curves of CL-P5. The Young’s modulus (Ey) was
evaluated as 2.4 MPa and elongation at break was ca. 70%.

The discussion of the plateau modulus, according to the classical
rubber elasticity theory for the affine network model (Eq. 1) and
phantom network model (Eq. 2)*, provides information on the net-
work structure, assuming that the contribution from the chain entan-
glements is small, as in the present design.

RT
Gafﬁne = i;‘/lix @
PRT < 2>
G = (1-2 2
phantom Mx f

In the above equations, My indicates the average molecular weight
between the cross-links. Because the measured sample after the
washing treatment did not contain sol components, the sol effect on
the reduction in the modulus was not considered. p, R, and T represent
polymer density, gas constant, and absolute temperature, respec-
tively. In Eq. 2, the effect of the branch number f at the cross-link point,
which is considered as the fluctuation of the cross-links, is expressed in
parentheses. Ideally, M, corresponds to the equivalent molecular
weight between the COOH units (Mcoon), where Mcoon is estimated by
My/ncoon and ncoon represents the number of COOH units per chain.
The plateau modulus is defined here as the minimum tan 6 tempera-
ture, and the theoretical modulus is estimated to be within the range of
4-8 MPa according to Egs. 1 and 2. The experimental plateau modulus
(2.2 MPa) was much lower than the theoretical value, indicating that
there were some network defects that did not contribute to the stress,
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Fig. 3 | Rheological properties of CL-P5. DMA data (A), stress-relaxation curves
(B), and a semi-logarithmic plot of T against inverse temperatures (C) for CL-P5.
Stress relaxation was performed from 80 to 140 °C at intervals of 10 °C. B The stress
(0) is normalized by the initial stress (o).

such as intramolecular cross-links and dangling units®. These results
are reflected in previous data, showing a relatively low gel fraction of
other samples prepared using copolymers with larger AA contents
(Fig. S19). This point will be improved in future studies by using other
suitable cross-linkers or cross-linking processes.

As another feature in the rubber plateau region of the DMA data,
we observed an increase in the loss modulus G” with an increase in
temperature above 100 °C, which accompanied a relaxation in tan 6.
These features indicate an increase in strand mobility induced by bond
exchange, which is thus analyzed by stress relaxation. Figure 3B shows
the normalized stress relaxation data measured in the range of
80-140°C (>>Tg). The unnormalized relaxation data are shown in
Fig. S26A; the initial modulus at ¢ = 0 (G;) monotonically increased with
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the temperature at 7<100 °C (Fig. S26B). According to the DMA data,
increases in G”and tan § were observed above 100 °C, suggesting that
the relaxation originating from the bond exchange was frozen below
100 °C within a measurement time scale of 1s (i.e., frequency =1 Hz). In
this case, the change in modulus can be treated based on entropic
elasticity theory, in which the modulus is proportional to the tem-
perature, which explains the observed monotonic increase in G;.
However, G; gradually decreased at higher temperatures, indicating a
decrease in the temporal cross-link density due to the acceleration of
bond exchange. Indeed, the relaxation rate systematically changes
with temperature, i.e., the lower the temperature, the slower the
relaxation. The relaxation time (r) was first estimated based on the
simple Maxwell model, where 7 was determined when the stress
decreased to 1/e of the initial stress. The temperature dependence of T
followed the Arrhenius function, where the activation energy esti-
mated from the slope was 74 kJ/mol. The Arrhenius dependence of T is
an important feature of bond-exchangeable materials with vitrimer-
like properties®. As representative values, T were 95 sec at 80 °C and
2.5 sec at 140 °C (see the values at other temperatures in Table S4). The
observed 7 will be compared with reported values for various vitrimer
systems using poly(meth)acrylate-based components in the later dis-
cussion section.

The relaxation properties were analyzed in more detail based
on the fitting analysis. The relaxation properties of vitrimers are
typically described by stretched exponential functions, so-called
Kohlrausch-Williams-Watts (KWW) functions®*%;

o(t) £\#
oo Sexp (— ?> 3)

0

In this equation, 7 is the specific relaxation time and S is the dis-
tribution of 7. The dotted red curve in Fig. 4A represents an example of
the fitting curve obtained for data at 100 °C. The fitting was attempted
with focusing on the short time region, and the best fit was obtained
using 7=18.8 and =0.87. However, the fitting curve deviated sig-
nificantly from the experimental curve at the long-time region.
Therefore, we tentatively conducted a two-term fitting analysis,
assuming that there were two distinct fast and slow relaxation modes.

%(t)) :Afast eXp{_ (t/Tfast)ﬁm } +Aslow eXp{_ (t/Tslow)ﬁsmw } (4)

In the Eq. 4, each parameter with subscript ‘fast’ and ‘slow’ cor-
responds to either fast and slow mode. The coefficients Af,s and Agow
indicate the contribution fractions of the fast and slow modes, where
Agast + Asiow = 1. The dotted black curve in Fig. 4B shows the fitting curve
constructed from the fast and slow modes for the data at 100 °C. In this
case, the experimental curves were well fitted, and the same fitting was
successfully applied to the data at all the other temperatures (Fig. S27
and see the summary of the fitting parameters in Table S5). Notably,
Apase Was -0.7 for any temperatures (Table S5), meaning that the major
relaxation origin was the fast mode. The values of 7¢,s and 7,y both
followed the Arrhenius dependence with temperatures (Fig. S28),
whereas the different activation energy was estimated.

In the following section, we provide an interpretation of the pre-
sence of the slow-relaxation mode. A possible reason is related to the
effects of chain entanglements. Sumerlin et al. reported the effects of
chain entanglements on the relaxation properties of vinylogous ure-
thane vitrimers, revealing that a small increase in the entanglement
points reduced the relaxation rate’®. The molecular weight of the
present precursor polymer is much above the expected entanglement
molecular weight [<12,000 g/mol for poly(ethyl acrylate)*’] and the
dispersity of chain length is broad due to the free radical poly-
merization. Therefore, some portions of the network strand are highly
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Fig. 4 | Fitting analyses for the stress-relaxation curve of CL-P5 at 100 °C. Fitting
analyses based on Eq. (3) (A) and Eq. (4) (B), respectively.

entangled to induce retardation of the relaxation, which could gen-
erate a slow relaxation mode. Another interpretation could be made by
focusing on the network structure. In the present network, the cross-
linker molecules reacted with the COOH side groups of the precursor
polymers not only in an intermolecular manner, but also in an intra-
molecular manner, according to the discussion of the plateau mod-
ulus. In addition, there should be some dangling units generated from
the incomplete reaction of the cross-linker molecules. Therefore, there
may be some inhomogeneity in the effective cross-link density that
provides different relaxation modes. The observation of two dis-
tinctive relaxation modes has been actually reported in some
studies®®*, such as for systems containing dual-type bond exchange,
block architectures, and filler components.

A model reaction using 1a and 2b revealed that the carboxylic acid
exchange reaction through a conjugate substitution reaction catalyzed
by a tertiary amine progressed even at 25 °C. The solvent effects on the
reaction rate were significant; in DMSO, an aprotic polar solvent, 5 min
was sufficient for the reaction to reach near-equilibrium. Such high-
speed bond exchange was effective for the vitrimer-like elastomers CL-
P5. The cross-linked polymer was difficult to process into a film,
whereas the blend with 10 wt% DABCO afforded a transparent color-
less film by simple hot-pressing. Despite its processability, the main-
tenance of the cross-linked structure was confirmed by the stable
rubbery plateau observed in DMA data. In addition, broad tan 6
relaxation was observed in the DMA data at high temperature region
above 100 °C. This suggests fast stress relaxation comparable to the
frequency of DMA (1Hz). In fact, fast stress relaxation was observed
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Table 1| Properties of selected vitrimers with typical DCBs

Type of DCB Main monomer T, (°C) T Ref.
Disulfide exchange n-Butyl Acrylate (nBA) 25 1400 sec at 130 °C 32
Trans-N-alkylation of pyridinium EA 0, -40 800 sec at 150 °C 8
Transesterification 2-Hydroxyethyl methacrylate (HEMA) 100 600 sec at 170 °C 33
Imine exchange Isobutyl acrylate (iBA) 60 500 sec at 120 °C 34
Urethane exchange nBA 60 300sec at 180 °C 35
Vinylogous-urethane exchange n-Butyl methacrylate 90 30 sec at 150 °C 36
Boronate exchange Methyl methacrylate (MMA) 100 6.2-18.5sec at 160 °C 37
Carboxy-exchange by conjugate substitution EA 19 2.5sec at 140 °C This work
95 sec at 80°C

from 80 °C to 140 °C, T was 95 s at 80 °C, and 2.5s at 140 °C. The fast
stress-relaxation was attributed to the high-speed carboxy-exchange
by the conjugate substitution reaction, which was confirmed in the
model reaction at 25 °C. Notably, CL-P5 was stable in DMSO even at
60 °C (Fig. S29A-C), probably due to the removal of DABCO from the
network. In fact, soaking the gel in a 10 wt% DABCO solution in DMSO
at 60 °C resulted in a transparent solution (Fig. S29D), suggesting the
dissociative DCB by conjugate substitution.

Table 1 summarizes the typical examples of poly(meth)acrylate-
based vitrimers®**~% and their relaxation times measured at compar-
able temperatures. Although the exact comparison must be difficult,
due to the difference of T, and cross-link density, the comparison
among the sample with similar low T values (i.e., disulfide exchange,
trans-N-alkylation systems, imine exchange, and urethan exchange,
and in Table 1) may be meaningful. The comparison demonstrates that
the carboxy-exchange by conjugate substitution reaction can be clas-
sified into the significantly fast bond exchange category. Furthermore,
it should be emphasized that another advantage of the conjugate
substitution reaction is its resistance to moisture, which is in contrast
to other high-speed exchange reactions, such as boronate and imine
exchange, which are water-sensitive**' and thus require care during
the cross-linking reaction and storage. In other words, in addition to
efficient bond exchange under mild temperature conditions, the
experimental convenience and durability of the material properties are
also advantages of the present system.

Fast bond exchange and ease of handling allowed the molding of
vitrimer-like elastomers by household products. The CL-P5 film was
cut (Fig. 5A, See Movie-2 in the Supplementary Information), and then
a portion of each piece was overlaid on top of each other and heated
for 30 s with household iron on a cookie sheet. Even with this simple
and mild operation, the films bonded together and did not peel off
when a 100 g weight was hung from the film (Fig. 5B, C). Fast bond
exchange is also effective for application to an adhesion sheet. A 0.55-
mm-thick film of CL-P5 was cut into a square (1 cm?) and sandwiched
between poly(ethylene terephthalate) (PET) substrates. A 100 g weight
was placed on one PET substrate, and the substrates were heated at
60 °C for 1 h. The PET substrates were bonded to each other using the
vitrimer-like elastomer film of an adhesive sheet (Fig. 5D). The bonded
PET substrates were subjected to a load in increments of 1kg and the
interface was peeled off at 3 kg (Fig. 5E). Similar experiments were
conducted with PMMA and aluminum substrates, both of which
retained their adhesion up to 1kg of load. The polystyrene substrate
withstood a load of 500 g and was delaminated to 1kg. Overall, heating
at 60 °C for 1 h resulted in adhesive strength, which was attributed to
the sufficiently fast bond exchange of the vitrimer-like elastomers,
even at this temperature.

In conclusion, we propose a new molecular design of bond-
exchangeable cross-link materials based on carboxy-exchange by
conjugate substitution reaction. First, the model reactions using small
molecules suggested that the carboxy-exchange works as a DCB
operated at ambient temperature. We further demonstrated that

---pk

Weight (kg)

PETPMMA PS SUS Al

Fig. 5 | Adhesion tests of CL-P5. Cut film of CL-P5 (A) and self-adhered films with a
weight of 100 g (B, C). The red arrows indicate the self-adhered areas. The PET
substrates were bonded using a sheet of CL-P5 with a weight of 2 kg (D). Strengths
of the adhesion sheets on each substrate (E). The cross marks indicate weights at
peeling off.

carboxy-exchange is effective in vitrimer-like elastomer applications.
The cross-linked polymers, prepared using copolymers of AA with 6
and doped with DABCO, exhibited significantly faster stress relaxation
and thus enabled easy and quick operation of the useful functions
compared with the reported systems. All the experiments were per-
formed in an ambient environment, and the cross-linking agent was
commercially available. This convenience is also an attraction for the
present design concept using conjugate substitution reactions.
Dynamic cross-linking via conjugate substitution reactions can be
applied to a wide variety of polymers bearing carboxy pendants, which
is important for the preparation of practical vitrimer-like elastomers.
Thus, we believe that our approach has potential applications in
material science and engineering.
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Methods

Materials

Chloroform-d; (CDCl;, 99.8 atom % D with 0.03vol% tetra-
methylsilane) and dimethyl sulfoxide-ds (DMSO-dg, 99.9 atom % D),
were purchased from Kanto Chemical Co., Inc. 1,4-Diazabicyclo[2.2.2.]
octane (DABCO), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), tri-
fluoroacetic acid (TFA), ethyl acrylate (EA), tert-butyl acrylate (¢BA)
were purchased from Tokyo Chemical Industry Co., Ltd. Triethylamine
(TEA), 2,2’-azobisisobutyronitrile  (AIBN), 1,4-dioxane, dichlor-
omethane and tetrahydrofuran (THF) were purchased from Fujifilm
Wako Pure Chemical Industry Co. N,N-Dimethylformamide (DMF) was
purchased from Kishida Chemical Co., Ltd. Diethyl ether was pur-
chased from Yoneyama Yakuhin Kogyo Co., Ltd. 1,6-hexylene bis[a-
(bromomethyl)acrylate] (6) was purchased from Chemicrea Inc.
Methyl 2-(acetoxymethyl)acrylate (1a) was prepared according to the
literature*,

'H NMR spectrometry

'H spectra were recorded in CDCl; or DMSO-dg on an AVANCE NEO
(Bruker) spectrometers. Chemical shifts in 'H NMR spectra were
referred to the signal of tetramethylsilane (TMS) and solvent (CHCI; or
DMSO), respectively.

IR spectrometry
IR spectra were recorded on a Cary 630 FTIR spectrometer equipped
with a diamond-attenuated total reflection (ATR) accessory.

Size-exclusion chromatography

Molecular weight and its distributions were determined at 40 °C by
size-exclusion chromatography (SEC) on an EXTREMA chromatograph
(JASCO) equipped with two SEC columns [PL-gel, Mixed C
(300 mm x 7.5 mm), Polymer Laboratories], using 0.01 M LiBr in DMF
as an eluent (flow rate = 0.8 mL min™), and calibrated against standard
poly(methyl methacrylate) (PMMA) samples (TSK-gel oligomer Kkit,
Tosoh, M, 6.03x10°, 2.52x10° 1.42x10° 2.91x10*% 8.59x10°
425x10% 146x10°, 830x10%) and detected with UV (UV-4070,
JASCO) and RI (RI-4030, JASCO) detectors.

Thermal analysis

Thermogravimetric/differential thermal analysis (TG/DTA) was carried
out from room temperature to 500 °C at a heating rate of 10 °C min™*
with Rigaku Thermo plus Il TG8120 under an N, atmosphere. Differ-
ential scanning calorimetry (DSC) was performed at a heating rate of
20°C min® with Rigaku Thermo plus I TG8230 under an N,
atmosphere.

Dynamic mechanical analysis (DMA) and stress-relaxation test
The specimen with a thickness of 0.5 mm was prepared by hot pressing
at 140 °C for 2 min. A disc-shaped sample with an 8 mm diameter and
~0.5 mm thickness was measured. DMA was assessed using a shear-
type rheometer, MCR102e (Anton Paar), and a disposable 8 mm plate.
The frequency was fixed at 1Hz, and a constant strain of 0.1% was
applied. A cyclic cooling and heating measurement was performed
with a temperature change rate of 2 °C/min.

The stress-relaxation tests for the cross-linked samples were
conducted at various high temperatures with the same setup. The
strain was fixed to be 3%, which was within the linear regime. The
samples for the measurements were initially dried by a vacuum for
12 h, and all the above rheology measurements were conducted under
N, gas to minimize effects of moisture in the air.

Tensile test

Tensile test was performed on an AGS-500NX (Shimadzu) using the
dumbbell-shaped specimen with a thickness of 4 mm. The measure-
ment was performed at 25 °C at the 10 mm/min of extension speed.

Synthesis

Carboxylic acid exchange reaction between methyl a-(acetoxymethyl)
acrylate (1a) and benzoic acid (2b): A typical example using TEA in
CDCl5:1a (0.158 g, 1.00 mmol) and 2b (0.122 g, 1.00 mmol) were dis-
solved in CDCIl; (0.40 mL), and decamethylcyclopentanesiloxane (ca.
10 mg) was added as an internal standard. The NMR spectrum was
measured as an initial sample (Fig. S1, before). TEA (10 mg, 0.10 mmol)
was added to the sample to start the reaction. The '"H NMR spectra
were recorded at the determined periods. For the measurement in
DMSO-de, DMF was used as an internal standard.

Copolymerization of EA and tBA (Synthesis of P4, P7, and P9). A
typical example for P4. A solution of EA (6.00g, 60.0 mmol), tBA
(2.56 mmol, 20.0 mmol), and AIBN (49 mg, 0.30 mmol) in 1,4-dioxane
(40 mL) was degassed by N, gas bubbling for 20 min, and the copo-
lymerization was conducted at 70 °C for 24 h. The reaction mixture
was cooled and poured into a cosolvent of water-methanol (300 mL
/600 mL). The supernatant was removed by decantation, and the col-
lected precipitate was dried in vacuo to afford P4. Yield: 7.73 g, 90.3%;
M, =37500 g/mol, P=2.62; [EA]/[tBA]=71/29. The composition was
determined from 'H NMR spectrum (Fig. S8) as the intensity ratio of O-
CH, signal of EA units at 4.2 ppm and tert-butyl signal of ¢tBA units
at 1.1 ppm.

The feeding ratio of reagents and results for other entries were
summarized in Table S2.

Synthesis of the copolymer of EA and AA (P5, P8, and P10). A typical
example for P5. The copolymer obtained above (P4, 7.73 g, 20.7 mmol
for tBuA unit) was dissolved in dichloromethane (40 mL), and TFA
(15 mL) was added to the solution. The reaction mixture was stirred for
24 h and concentrated. The residue was diluted with THF (10 mL) and
poured into diethyl ether (1000 mL). The precipitate was collected by
centrifugation and dried in vacuo to afford PS5 as a sticky solid. Yield:
4.04g, 61.5%; M,, estimated as a theoretical value from P4, was
31800 g/mol.

Cross-linking reaction. A typical procedure for P5. TEA (66 mg,
65 mmol) was added to a solution of P5 (0.200 g, 0.624 mmol for AA
units, 1.53 mmol for EA units) and 6 (0.125g, 0.326 mmol) in THF
(0.30 mL). The gel was formed within 12 sec with white precipitation.
After 12 h, the gel was soaked in DMF (20 mL) for 12 h, and the super-
natant was removed by decantation. This procedure was repeated
once, and similar procedure using THF (20 mL) instead of DMF was
repeated twice. Finally, the gel was dried in vacuo to afford a cross-
linked polymer, P5-30 (2.6 g, 88%). The feeding ratio of reagents and
results for other entries were summarized in Table S3.

DABCO addition to the cross-linked sample. A typical procedure for
P5-30.P5-30 (50.2 mg) was soaked in a solution of DABCO (5.8 mg,
10 wt% for total mass of composite) in THF (0.1 mL) at 25°C for 12 h.
The solution was completely absorbed to form a swollen gel. This gel
was dried in vacuo (<10 mmHg) at 25 °C for 12 h. The dried sample was
hot-pressed at 140 °C for 2 min. Similar experiments were performed
using 0.7 mg (1wt%) and 58 mg (54 wt%) of DABCO.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
Should any raw data files be needed in another format they are avail-
able from the corresponding author upon request.
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