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a b s t r a c t

Introducing covalently crosslinked network to polymer matrix can merge the advantages in reprocess-

ing and durability of polymers. In this contribution, a series of high-performance vitrimeric elastomers

were achieved via polycondensation. The topological structures of polymers were tuned by varying the

feeding ratios of bisacetoacetate, hex–substituted bisacetoacetate, bisamine and tris(2-aminoethyl)amine.

With these structural manipulations, the vitrimeric elastomers presented great elastic recovery properties

(strain recovery value up to 80%) benefiting from the introduction of long chain branch. Furthermore, the

elastomers exhibited excellent reprocessing property, water vapor/oxygen barrier and adhesive proper-

ties. Specially, the elastomers could be degraded into monomer under acid conditions which enabled the

elastomer synthesis again in closed loop recycling system. The ease of the polycondensation in this work

to prepare highly elastic and recyclable vitrimeric elastomers demonstrated exciting opportunities for the

synthesis of sustainable polymers.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

High-performance elastomers are considered as a class of sig-

nificant strategic materials with unique high elasticity, and they

play important roles in many emerging fields, including tires,

coatings, and flexible electronic devices [1–4]. Introducing of

crosslinked networks can usually enhance the properties of elas-

tomers, such as toughness, load-carrying capacity and solvent re-

sistance, which is highly desirable for many demanding applica-

tions [5,6]. For permanent crosslinked network, the mobility of the

polymer chains is limited, resulting in losing the ability of repro-

cessability [7–9]. This is typically overcome by incorporating co-

valent adaptable networks into polymer matrix. Compared to the

permanent crosslinked networks, covalent adaptable networks de-

fined as vitrimers have received plenty of interest in recent years,

which presented many advantages in reprocessing and durability

of polymers [10–19], including disulfide exchange [20,21], Diels-

Alder reaction [22,23], transesterification [24,25], and boronic ester

bond exchange [26–28].

Given the unique feature of fast stress relaxation, transamina-

tion of vinylogous urethanes has rapidly become one of the most
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promising reversible reactions for vitrimers synthesis introduced

by Winne and Du Prez et al. [29–31]. The concept of vitrimeric

polymer networks is well understood that the dynamic exchange

between the formed vinylogous urethane and the presence of pen-

dent amines [32,33]. And this strategy has been successfully ap-

plied in the polymerization areas enabling the synthesis of differ-

ent polymers, including vitrimeric thermoplastics [34] thermosets

[35,36]and elastomers [37,38]. Despite these recent advances, the

design of monomer with special structure is limited, and the ad-

ditional property studies of the vitrimeric polymers except repro-

cessing property have gained much less attention in this system.

Therefore, the objective of this work is to establish a strategy

to prepare vitrimeric polymer materials with unique topological

structures and enhanced properties.

In this contribution, we demonstrated the synthesis of vit-

rimeric elastomers utilizing polycondensation. The topological

structures of polymers were tuned by varying the feeding ratios

of monomers, including bisacetoacetate, hex–substituted bisace-

toacetate, bisamine and tris(2-aminoethyl)amine. Biacetoacetate

monomer with long chain branch was investigated to regulate the

chemical and network structures of the polymers for the first time

inspired by the research of polyolefin elastomers (POE) [39–42].

With these structural manipulations, thermal, mechanical and elas-

tic properties of the vitrimeric elastomers were well adjusted. And
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Scheme 1. Synthesis of the vitrimeric elastomers via polycondensation of monomers bisacetoacetate (M6, H6), 1,6-hexamethylenediamine (A6) and tris(2-aminoethyl)amine

(TREN). Reaction conditions: Catalyst PTSA (5 mol%), 120 °C for 6h.

Table 1

Samples designations and feeding monomer molar ratios of the synthesized vit-

rimeric elastomers.

Sample M6/H6/A6/TREN Tg
a (°C) Td

b (°C) Gel fraction (%)

1 10/-/9/1 14.7 231.0 72

2 10/-/8/2 19.2 234.3 83

3 9.8/0.2/9/1 14.0 233.5 65

4 9.8/0.2/8/2 15.0 235.3 79

5 9.5/0.5/9/1 10.4 232.4 63

6 9.5/0.5/8/2 14.9 234.8 76

a Tg, the glass transition temperature determined by DSC.
b Td, the thermal degradation temperature at 5% mass loss determined by TGA.

other additional material properties were also demonstrated, such

as reprocessing, water vapor/oxygen barrier, adhesive properties

and degradability. The ease of high-performance vitrimeric elas-

tomers using polycondensation in this work demonstrates exciting

opportunities for recyclable polymers and will attract wide appli-

cation interests.

Bisacetoacetate (M6) was synthesized from 1,6-hexanediol, fol-

lowing a high yielding acetoacetylation reaction with tert–butyl

acetoacetate (Scheme 1). The hex–substituted bisacetoacetate (H6)

was synthesized using the nucleophilic substitution reaction of M6

and 1-iodopentane under basic conditions. Using p-toluenesulfonic

acid as catalyst (PTSA, 5 mol%), the polycondensation process

was performed in neat at 120 °C for 3h with mechanical stirring,

and in vacuum for 3h to remove water combining of M6, H6,

1,6-hexamethylenediamine A6 and tris(2-aminoethyl)amine (TREN,

crosslinker). The vitrimeric polymer networks (Samples 1–6) were

accessed through regulating the feeding mole ratios of four dif-

ferent contents, and the samples designation are summarized in

Table 1. M6, A6 and TREN with mole ratios of 10/9/1 was employed

to generate the polymer Sample 1. The contents of crosslinker were

varied to regulate the network structure of the vitrimeric elas-

tomer with the ratios of 10/8/2 (Sample 2). To investigate the in-

fluence of different bisacetoacetate monomer to polymer mate-

rial properties, H6 was incorporated into the polymer matrix with

four contents in different feeding ratios (Samples 3–6). Gel frac-

tion analysis of these crosslinked networks showed a moderate gel

fraction content (63%∼83%), indicating the crosslinking structures

for all samples. Increased gel fraction of the vitrimer was observed

with the increased amount of crosslinker TREN.

The progress of the reaction was qualitatively confirmed by the

conversion of the acetoacetate group into vinylogous urethane as

shown in FT-IR spectra (Fig. S1 in Supporting information). The

complete disappearance of ketone vibration bands at 1710 and

1740 cm−1 and the appearance of new vibration bands at 1600 and

1650 cm−1, assigned to C=C and C=O of vinylogous urethane indi-

cated the high efficiency of this polymerization reaction. The poly-

mer was also characterized by high-temperature 1H NMR spectra

at 120 °C in C2D2Cl4, and the characteristic peaks of 8.5, 4.5, 4.1, 3.2

and 1.9 ppm are attributed to the generated vinylogous urethane

(Fig. S1). Different from the other reports, long chain-substituted

acetoacetate monomer H6 was used in this work. To further inves-

tigate the reactive activity of these two biacetoacetate monomers

(M6 and H6) during the polycondensation, model reactions were

conducted using Me- or hex-substituted monoacetoacetate with

hexylamine in neat at 120 °C catalyzed by PTSA. Within 30min,

the Me- and Hex-substituted monoacetoacetates can be converted

to the targeted vinylogous urethane products respectively indicated

by the 1H NMR spectra (Figs. S2-S4 in Supporting information) and

the time-dependent kinetic study (Fig. S5 in Supporting informa-

tion). The presented characterizations of the polymers and model

reactions demonstrated the high efficiency of the polycondensation

process.

The thermal properties of polymers are known to be depen-

dent on their chemical structures. Therefore, the thermal proper-

ties of the samples were studied systematically with DSC and TGA

correlated with their structures. Fig. S6a (Supporting information)

shows the glass transition temperature (Tg) of the obtained poly-

mers determined by DSC (Samples 1–6). For the polymer Samples

1 and 2, increased Tg was observed (14.7 °C vs. 19.2 °C) with en-

hanced crosslinking density, indicating that the chain mobility was

more restricted for Sample 2. Similar trends were presented for the

polymers (Samples 3 vs. 4, 14.0 °C vs. 15.0 °C; Samples 5 vs. 6, 10.4

°C vs. 14.9 °C). The Tg decreased with the increase of the H6 con-

tent which was ascribed to the enhanced polymer chain mobility

through the introduction of flexible aliphatic chain. From the TGA

curves, all prepared polymers in this work exhibited a comparable

Td at about 230 °C which displayed good thermostability (Fig. S6b

in Supporting information).

Tensile strength analysis was performed for the prepared poly-

mer samples. The polymer films were pressed at 120 °C under a

pressure of 5MPa for 6min and cooled to 25 °C. These films were

subsequently cut into dog-bone-shaped tensile bars with 12mm

gage length, 2mm width and thickness of 0.5mm. Incorporation

of one tenth of crosslinker, the polymer sample exhibited the ten-

sile strength up to 11.8MPa and elongation at break 570% (Sample

2
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Fig. 1. Mechanical properties of elastomers Samples 1–6. (a-c) Tensile stress-strain curves and toughness of elastomers at 25 °C. (d-i) Cyclic stress-strain curves of ten cycles

at a strain of 300% for samples measured at 25 °C.

1, Fig. 1a) with a toughness of 24.8MJ/m3. Continuing to increase

the amount of TREN, the polymer showed enhanced mechanical

properties up to 20MPa and elongation at break 470% (Sample 2,

Fig. 1a) with maximum toughness of 31.4MJ/m3. Introducing H6,

decreased tensile strength was observed, which may be ascribed to

low chain entanglement arising from the incorporated flexible long

chain in polymer matrix (Samples 3 and 4, Fig. 1b) with tough-

ness of 12.9 and 15.1MJ/m3 respectively [43]. Similar trend was

observed for polymers (Samples 5 and 6, Fig. 1c, tensile strength

6∼9MPa; elongation at break 400%) when increasing the feeding

ratio of H6.

To investigate the elastic recovery property, the cyclic stress-

strain measurements of polymer samples were carried out with

each sample extended to 300% strain over 10 cycles. Strain recov-

ery value (SR) is an important parameter to evaluate the elastic-

ity and the high values represents a high elasticity. As is shown,

the Sample 1 exhibited good elastic property with strain recovery

value of 70% at 25 °C (Fig. 1d). Increasing the content of crosslinker

TREN, the strain recovery value decreased to 58% (Sample 2, Fig.

1e) compared to Sample 1. This was attributed to the increased

crosslinking density of the elastomers with increasing content of

TREN, which restricted the mobility of the polymer chains. By

introducing H6, the elastomers showed excellent elasticity with

higher strain recovery value 80% (Sample 3, Fig. 1f) and 73% (Sam-

ple 4, Fig. 1g) respectively. Continuing to increase the feeding ratio

of H6, a slight decrease of elasticity was observed with the strain

recovery values 69% (Sample 5, Fig. 1h) and 64% (Sample 6, Fig. 1i)

respectively. When TREN was fixed at 20 mol%, introducing a cer-

tain amount of flexible long chain into polymer matrix could de-

crease the chain entanglement and consequently enhance the mo-

bility of polymer chain which enabled the increased elasticity (58%

vs. 73% vs. 64%; Figs. 1e, g and i). This strategy was also success-

fully applied in the designing of the polyolefin elastomers [39–42].

Fig. 2. (a) Reprocessing of Sample 3 at 120 °C for 6min under pressure of 5MPa. (b)

Representative tensile stress-strain curves of the original Sample 3 and two cycles

reprocessed at 25 °C. (c) Cyclic stress-strain curves of the original Sample 3 and the

second recycle at 25 °C.

The reprocessing property of these elastomer materials can be

ascribed to the thermally induced associative exchange mecha-

nism in the network. For reprocessability study, the elastomers

were repeatedly cut into chips and then compression molded for

6min at 120 °C under 5MPa for several times (Fig. 2a). The repro-

cessed elastomers were subjected to tensile testing, which shows

3
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Fig. 3. (a) Metal adhesive capability of the Sample 1. (b) Water vapor transmis-

sion rate and oxygen permeability of Samples 1 and 3. (c) Degradation of elastomer

Sample 1 to monomers enabling the closed-loop recycling system.

the stress-strain curves of the reprocessed elastomer. Obviously,

the recycled samples exhibited a slight increase of tensile strengths

(10.2 vs. 8.3 vs. 7.3MPa) and decrease of elongation at break (340%

vs. 410% vs. 430%) compared to the original elastomers (Fig. 2b).

And the cyclic stress-strain curves showed the decreased elasticity

after two reprocessed recycles (Fig. 2c, strain recovery values, 73%

vs. 80%). This phenomenon might be attributed to the oxidation

crosslinking reaction during hot press at 120 °C due to the exis-

tence of unsaturated vinylogous urethane.

Considering the coordination of heteroatoms in polymer net-

work, the vitrimeric elastomer may have specific interaction with

metals, treated as a possible adhesive agent. Therefore, the ad-

hesive performances of the elastomers sandwiched between two

pieces of the tested substrates were evaluated by the lap shear

tests. Stainless steel sheets were chosen to investigate the metal

bonding capability of the elastomers. The elastomer can glue two

stainless steel sheets and shows good bonding effect on the steel

sheet surface (adhesive force, 108N; displacement, 9.8mm, Fig. 3a).

Furthermore, the water vapor transmission rate and oxygen per-

meabilities of these polymers were also evaluated. The elastomers

possessed a moderate permeability barrier character to water va-

por with the water vapor transmission rate value of 16.3 g mm

m-2 day−1 (Sample 1, Fig. 3b). Similar water vapor transmission

rate value was observed for the elastomer (Sample 3, 20.8 g mm

m-2 day−1). Specially, the elastomers exhibited an outstanding bar-

rier character to oxygen with a low value of 0.17 and 0.19 Barrer,

respectively. These results may arise from the alkyl chain and H-

bonding induced chain packing of polymer enabling the network

structure more compact [44,45]. The good barrier properties to at-

mospheric penetrants, such as water vapor and oxygen were re-

quired for packaging materials.

Along with the huge annual production and intrinsic proper-

ties such as robustness and durability, the end-of-life treatment of

post-consumer plastic wastes has become a serious problem [46].

Therefore, the development of recyclable and degradable polymers

has received much attention, especially from synthetic chemistry

perspective [47–53]. Considering the formed vinylogous urethane

could mediate hydrolysis reaction under acid conditions efficiently,

degradability of the vitrimeric elastomer networks was evaluated

in this contribution. For instance, hydrolysis of elastomer Sample 1

in HCl/THF enabled its depolymerization to form monomer M6 in

quantitative yield after neutralization and extraction, as depicted

in Fig. S7 (Supporting information). And the recovered monomer

can be used to access the vitrimer elastomer again in the recycling

system (Fig. 3c). The excellent degradability in this work provided

a second pathway to prepare recyclable polymers, establishing the

dual closed loops to achieve chemical circularity including repro-

cessability research.

In summary, a series of highly elastic and recyclable vitrimeric

elastomers were synthesized via polycondensation using M6, H6,

A6 and TREN. The chemical and topological structures were tuned

by varying the feeding ratios of different contents. With these

structural manipulations, the performances including thermal and

mechanical properties were fine-tuned as well. Benefiting from

the introduction of long chain branch, the vitrimeric elastomers

exhibited great elastic recovery property (SR up to 80%). Excel-

lent reprocessing property was observed for the prepared sam-

ples because of the thermally induced associative exchange mech-

anism in the network. And the elastomers also exhibited excel-

lent water vapor/oxygen barrier and adhesive properties. Specially,

the elastomers presented great degradability to monomers under

acid conditions which enabled the elastomer synthesis again in

closed-loop recycling system. The synthesis of high-performance

vitrimeric elastomers using polycondensation in this work demon-

strates exciting opportunities for recyclable polymers and will at-

tract wide application interests.
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