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Abstract 
Vitrimers are covalently cross-linked polymeric materials that can be processed upon heating wherein 

triggerable polymer networks shuffle chemical bonds through exchange reactions without losing their 

network integrity. In this work, we apply vitrimers to develop recyclable thermosets derived from materials 

with relatively high bio-source content. We explore the reaction between ß-ketoesters derived from 

commercially available (2-acetoacetoxy) ethyl methacrylate (AAEMA) incorporated within isobornyl 

methacrylate (IBOMA, from pine sap), and a bi-functional amine (Priamine, derived from vegetable oils) 

to synthesize catalyst-free vitrimers. Controlled radical miniemulsion polymerization was also used to 

synthesize the water-borne copolymer analogs. Vitrimer nanocomposites were obtained by the 

incorporation of amine‐functionalized polyhedral oligomeric silsesquioxane (POSS-NH2) at different 

loadings (0, 5, 10 and 20 wt%). Incorporation of 20 wt% POSS-NH2 improved tensile modulus (from 96 to 

176 MPa), tensile strength (from 2.5 to 5 MPa) and decomposition temperature (225 to 255 ℃), and slowed 

down the relaxation rate and increased apparent activation energy of stress relaxation compared to the neat 

vitrimer. We further show that the vitrimers studied here and the nanocomposites containing vinylogous 

urethane cross-linking networks can be un-cross-linked by dissolving in excess mono-functional amine at 

65 ℃ or recycled by grinding and remolding at 125 ℃ without compromising the mechanical properties.  
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Graphical Abstract  

 

Highlights 

• Poly(AAEMA-stat-IBOMA) polymers were synthesize by nitroxide-mediated solution and 
miniemulsion polymerization using Dispolreg 007 without any controlling co-monomer. 

• Vitrimers and nanocomposites were fabricated by the Priamine dimer diamine and POSS-NH2.  
• Incorporation of 20 wt% POSS-NH2 improved thermal and mechanical properties and slowed down 

the rate of relaxation and increased the activation energy of stress relaxation. 
• Vitrimers and nanocomposites were chemically un-cross-linked and mechanically recycled without 

compromising the mechanical properties. 
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Introduction 

Polymer materials are classically categorized as thermoplastics or thermosets, according to their thermal 

behavior. Thermoplastics can be easily processed but they are limited by their lower structural stability at 

high temperatures, strength, abrasion, and solvent resistance. Thermosets, however, are covalently cross-

linked materials capable of maintaining their integrity upon heating, and thus possess higher mechanical, 

thermal and chemical resistance compared to thermoplastics [1]. However, the presence of a permanent 

network prevents the thermoset from being recycled, melt reprocessed or reshaped [2], giving rise to 

obvious economic and environmental concerns.  

Recently, a new class of thermosets with dynamic cross-links was developed, which can be thermally 

processed via the introduction of exchangeable chemical bonds, leading to dynamic cross-links. First 

reported by Leibler and coworkers [3, 4], “vitrimers” are a class of thermosets which behave like 

permanently cross-linked materials at service temperatures but can flow when heated due to their dynamic 

cross-linking network. The traditional dynamic network makes use of a dissociative cross-link exchange 

mechanism, in which chemical bonds are first broken and then formed again at another location, resulting 

in the loss of network integrity. Vitrimers, however, make use of associative bond exchanges between 

polymer chains, in which the original cross-link network is only broken when a new covalent bond to 

another position has been formed [5]. Thus, the associative bond exchange results in a constant cross-

linking density without compromising the material properties during reprocessing [6]. 

Since the pioneering work by Leibler and co-workers in 2011[4], vitrimers have attracted significant 

research interest [7-13]. The first generations of vitrimers have shown a great potential to bring shape 

memory [12, 14, 15], malleability[4, 16] and weldability [17] to composites [17], classical epoxy and 

urethane thermosets [15, 18] and liquid crystalline networks [14, 19]. However, the biggest challenge 

towards expanding their potential is the fact that the vitrimer concept has to be applied to polymers with 
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backbones solely comprised of carbon-carbon single bonds as such polymers represent more than 75% of 

plastics produced every year [7]. 

So far, a number of catalyst-free vitrimers have been developed which rely on the exchange of vinylogous 

urethanes [9, 20, 21], vinylogous ureas [20], silyl ethers [22], dioxaborolanes [7], boroxines [23], imines 

[24] etc. Vitrimers have also been reported which depend on disulfide [25] or olefin [26, 27] exchange 

groups. Initially reported by Du Prez and coworkers [9], vinylogous urethane vitrimers can be prepared 

through the condensation reaction of ß-ketoester and primary amines. The vinylogous urethane moieties 

can undergo dynamic exchanges with available primary amines, which does not need any catalyst and has 

a negligible exchange rate at room temperature but a rapid one at temperatures above 100 ℃ [9, 20]. Later, 

it was demonstrated that the amine exchange of vinylogous urethanes can easily be controlled by using acid 

and base additives [28]. Recently, Röttger et al.[7] and Lessard et al.[6, 29] showed that poly(methyl 

methacrylate) (PMMA) could be converted into vitrimers by the incorporation of dioxaborolanes and 

vinylogous urethanes, respectively. Vinylogous urethane materials could be a promising sustainable cross-

linked material, especially if the indefinite recyclability is practical under typical service conditions.  

Vitrimer materials that combine a high Tg and improved mechanical properties could prove to be extremely 

interesting polymer matrices. Particularly, fast exchange kinetics could be a boon in the area of composites 

[7]. Reinforcement of vitrimers by glass, silica or carbon fibers based on imine exchange [30], 

transesterification [31], aromatic disulfide [32], and vinylogous urea [20] chemistry have been reported in 

the literature. Legrand et al. [10] suggested that functionalization of fillers retards the relaxation rate which 

affects the relaxation-related properties, such as self-healing efficiency of the vitrimers. Zheng et al. [33] 

demonstrated the synthesis of reprocessable and healable aminated silica/polydimethylsiloxane 

nanocomposites by vinylogous urethane and Zn(II)-amine coordination bonds into the matrix 

simultaneously. The nanocomposites revealed the healing efficiency up to 84% after heating at 150 ℃ for 

30 minutes. 
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Herein, we explore the reaction between ß-ketoesters derived from (2-acetoacetoxy) ethyl methacrylate 

(AAEMA), a commercially available monomer, incorporated into polymer chain and a bi-functional amine 

to synthesize catalyst-free vitrimers by using the associative exchange of vinylogous urethanes. We 

attempted to use commercially available methacrylic monomers and diamines with as much bio-based 

content as possible. We particularly chose transparent methacrylic polymers as they have several desirable 

properties such as light weight, high light transmittance, resistance to weathering and good insulating 

properties [34, 35]. Although AAEMA is petroleum-derived, AAEMA-related monomers can also be 

partially bio-sourced via the reaction of hydroxyethyl methacrylate (HEMA) and levulinic acid, which is 

often touted as an important biorefinery feedstock [36]. First, copolymers of AAEMA and isobornyl 

methacrylate (IBOMA, from pine sap, with 71% bio carbon content) were prepared by nitroxide-mediated 

polymerization (NMP). NMP was chosen due to its simplicity and the lack of post-polymerization treatment 

[37, 38]. We employed Dispolreg 007, which was recently shown to be capable of homopolymerizing 

methacrylates by NMP, without any controlling co-monomer [39, 40]. We explored NMP of 

poly(AAEMA-stat-IBOMA) and studied the polymerization kinetics to verify the nature of AAEMA 

incorporation. Then, poly(AAEMA-stat-IBOMA) copolymer with FAAEMA = 0.53 was converted into 

networks via a condensation reaction with the dimer diamine (Priamine 1075, 100% renewable carbon 

content) in one step. Besides the upcycling potential via incorporation of AAEMA and improved thermal 

stability offered by IBOMA, we added another facet by using nitroxide-mediated miniemulsion 

polymerization to synthesize water-borne copolymers. Such miniemulsions do not contain volatile organic 

compounds (VOCs), providing an excellent option for indoor applications [41]. The resulting latex was 

also treated with the dimer diamine to obtain the vitrimers. We also explored the influence of incorporating 

amine‐functionalized polyhedral oligomeric silsesquioxane (POSS-NH2) nanoparticles on reprocessability, 

stress relaxation, gel fraction, mechanical, rheological and thermal properties of the resulting vitrimer 

nanocomposite. We further show that bio-based vitrimers and the nanocomposites containing vinylogous 

urethane cross-linking networks can be readily un-cross-linked by dissolving in excess mono-functional 

amine at 65 ℃ or recycled by grinding and remolding without compromising the mechanical properties. 
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The synthesized vitrimers reinforced with POSS could have potential applications in transparent coatings 

with improved thermal stability. Figure 1 shows the schematic representation of transmission of vinylogous 

urethanes in this study. 

 

Figure 1. Schematic representation of transamination of vinylogous urethanes between the polymer chains 

studied in the current work.  

Experimental Section 

Materials 

All chemicals were used as received unless otherwise noted. (2-acetoacetoxy) ethyl methacrylate (AAEMA, 

Aldrich, 95%) and isobornyl methacrylate (IBOMA, Evonik, >99%, 71% biocontent) were passed through 

a column of basic alumina to remove inhibitors prior to polymerization. 3-(((2-Cyanopropan-2-yl) oxy) - 

(cyclohexyl) amino)-2, 2-dimethyl-3-phenylpropanenitrile (Dispolreg 007) was synthesized in the lab 

according to Ballard et al’s procedure [39]. Toluene (ACS), N,N-dimethylformamide (DMF, ACS), acetone 

(ACS), chloroform (HPLC grade, >99.9%) and methanol (>99%) were purchased from Fisher Scientific. 

The deuterated chloroform (CDCl3, ≥99%) was obtained from Cambridge Isotopes Laboratory for 1H NMR 
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tests. DOWFAX™ 8390 (alkyldiphenyloxide disulfonate, 35 wt% active content) was received from Dow 

Chemical and n-hexadecane (99%) was received from Sigma Aldrich. PriamineTM 1075 with 100% 

renewable carbon content was purchased from Croda. POSS-NH2 (~ 3 nm) was obtained from Hybrid 

Plastics.  Butylamine (99%) and acetonitrile (≥99.5%) were purchased from Sigma. 

Instrumentation 

Gel Permeation Chromatography (GPC). The molecular weight (𝑀𝑀𝑛𝑛) and dispersity Đ of polymers were 

estimated using GPC (Water Breeze) with HPLC grade chloroform as the eluent at 40℃ and a flow rate of 

0.3 ml min-1 equipped with a guard column, a differential refractive index (RI 2414) detector and three HR 

Styragel® GPC columns: HR1 with molecular weight measurement range of 102 – 5 × 103 g mol-1, HR 2 

with molecular weight measurement range of 5 × 102 – 2 × 104 g mol-1 and HR 4 with molecular weight 

measurement range of 5 × 103 – 6 × 105 g mol-1, for chloroform solvent. Samples were diluted in HPLC 

grade chloroform to a concentration of approximately 5 mg ml-1. Poly(methyl methacrylate) (PMMA) 

standards were used for calibration (Varian Polymer Standards, molecular weights ranging from 875 to 1677000 

g mol−1). 

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H NMR spectra were recorded on a Varian NMR 

Mercury spectrometer (1H NMR, 300 MHz, 32 scans) with CDCl3 deuterated solvent and DMF as a 

reference solvent.  

FT-IR Spectroscopy. Infrared spectra were collected on a Perkin Elmer Spectrum 2 FT-IR equipped with 

a single bounce diamond stage attenuated total reflectance (ATR) accessory.  

Differential Scanning Calorimetry (DSC). Determination of glass transition temperatures (Tgs) of 

polymers was performed by a differential scanning calorimetry (DSC, Q2000TM from TA instruments) 

equipped with an auto-sampler using aluminum hermetically sealed pans. Calibrations for temperature and 

heat flow were performed using indium and benzoic acid standards, respectively. Ramp experiments were 

heated at 10 ℃ min-1 and cooled at 5 ℃ min-1 from -20 to 150 ℃ under nitrogen.  
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Thermal Gravimetric Analysis (TGA). TGA experiments were performed by a Q500TM from TA 

instrument equipped with an autosampler using a platinum pan. Each sample was heated to 100 ℃ isotherm 

for 30 min prior to each run to remove any possible residual solvent (toluene) or moisture. Isothermal tests 

were done under nitrogen flow at 10 ℃ min-1 from room temperature to 125 ℃, and once at target 

temperature the experiment was recorded.  

Dynamic Mechanical Analysis (DMA) and Rheology. DMA tests were performed using an Anton Paar 

MCR 302 rheometer. Each rectangular-shaped sample was heated from room temperature to 150 ℃ at a 

rate of 5 ℃ min-1. Sample dimensions were kept consistent for all samples (60 mm length, 10 mm width 

and 2 mm thickness). All experiments were run at a frequency of 1 Hz. Stress relaxation tests were carried 

out at 100-130 ℃ and 1% strain. Strain sweep tests were carried out at a frequency of 1 rad s-1 with a 25 

mm parallel-plate geometry at 100-130 ℃ to determine the region of linear response. 

Tensile Analysis Testing. The stress-strain analysis of the vitrimers were determined using an MTS Insight 

material testing system with a 5 kN load cell and a cross-head speed of 10 mm min-1. Dumbbell-shaped 

specimens (ASTM D638 type V, overall length = 60 mm, overall width = 10 mm) were prepared by solvent 

casting and hot-press (see Vitrimer Synthesis section for more details). 

Polymer Synthesis 

In the first set of experiments, statistical copolymerizations of AAEMA and IBOMA were performed at 

different compositions in order to study polymerization kinetics and the effect of feed composition on the 

final copolymer composition. Figure 2 shows the general reaction scheme. All experimental formulations 

can be found in Table 2. As an example, for the experiment AAEMA 50:50 IBOMA, AAEMA (2.60 g, 

12.15 mmol), IBOMA (2.70 g, 12.15 mmol), Dispolreg 007 (0.06 g, 0.18 mmol) were added to a 15 ml 

three-necked round-bottom glass flask containing toluene (6.19 ml, 50 wt% monomer in solvent). The 

solution was purged with nitrogen prior to being heated at 100 ℃ for 3 hours. Samples were taken 

periodically by a syringe until the end of the experiments to be analyzed by 1H NMR and gel permeation 



9 
 

chromatography (GPC). Finally, the reaction was stopped, and the solution was precipitated into methanol 

and the polymer was dried in vacuum at room temperature for 24 hours. For the specific example cited, the 

overall 1H NMR conversion was 84% with Mn = 31.3 kg mol-1 and Ð = 1.53 (Figure S1 shows 1H NMR 

spectrum at the end of the reaction for the cited example). Among all the compositions, AAEMA 50:50 

IBOMA was chosen for vitrimer synthesis as it is hard enough (due to 50 mol% IBOMA) but can be molded 

easily due to its relatively low glass transition temperature (Tg = 55 ℃). 

 

Figure 2. NMP scheme of poly(AAEMA-stat-IBOMA) statistical copolymers using Dispolreg 007. 

After finding the preferable composition from the solution polymerization studies (i.e. AAEMA 50:50 

IBOMA), the copolymerization of AAEMA and IBOMA was conducted in miniemulsion by NMP 

technique as previously reported by our group [42]. Employing the miniemulsion polymerization avoided 

the use of organic solvents entirely. First, AAEMA (4.34 g, 20.26 mmol), IBOMA (4.50 g, 20.24 mmol), 

n-hexadecane hydrophobe (0.07 g) and Dispolreg 007 (0.10 g, 0.29 mmol) were mixed together for 10 

minutes. The aqueous phase was prepared separately by dissolving DOWFAX™ 8390 as the surfactant in 

distilled water by stirring for 10 minutes. The two solutions were then mixed together for 15 minutes and 

the resulting miniemulsion was sonicated by a Hielscher sonicator UP200S (amplitude 70% and 50% duty 

cycle) for 10 minutes in a cold water bath and added to a 50 ml three-necked round-bottom glass flask. The 

reactants were purged with nitrogen for 30 minutes prior to heating at 90 ℃ for 2 hours. Samples were 
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taken periodically during the reaction for measurement of particle size (see Figure S5), molecular weight 

and conversion. All the reported monomer conversions for miniemulsion were measured gravimetrically. 

Table 1 shows the formulation for the miniemulsion polymerization by NMP.  

Table 1. Formulation for the nitroxide-mediated miniemulsion copolymerization of AAEMA and 
IBOMA 

Component Amount 
Monomer (1) – AAEMA 0.542 M 
Monomer (2) – IBOMA 0.542 M 

Alkoxyamine (Dispolreg 007) 0.008 M 
DOWFAX™ 8390 5 wbm% 

n-Hexadecane 0.8 wbm% 
wbm: weight percent based on the monomers 

 

Vitrimers and Nanocomposites Synthesis  

The synthesized AAEMA 50:50 IBOMA solvent-based polymer (FAAEMA = 0.53, 1.0 g, Mn =31.3 kg mol-1) 

was dissolved in toluene (1.0 g) to reach a solution of 50 wt% polymer in toluene. In a separate vial, 

Priamine 1075 (0.5 g) was diluted with toluene (2.0 g). The Priamine solution was then added to the polymer 

and the solution was stirred for 1-2 minutes and then added to the silicone molds (rectangular and dog-bone 

shaped molds). The same process was repeated for the copolymers made in miniemulsion. After drying the 

latex, the obtained polymer (1.0 g, Mn = 37.1 kg mol-1) was diluted in toluene (1.0 g) and added to a solution 

of cross-linker (0.5 g Priamine in 2.0 g toluene). The molar ratio of Priamine to AAEMA was 0.7:1 

(mol/mol). This ratio was chosen to provide extra amines for transamination exchange reactions and 

recyclability of the cross-linked vitrimer. The concept of extra amine was previously discussed by Sumerlin 

and coworkers [6, 29]. After transferring the solution to the silicone molds, the solvent was evaporated, and 

the specimens were cured at room temperature for 3 days. As the condensation reaction between ketones 

and amines generates one equivalent of water, the samples were then post-cured in the oven at 40 ℃ under 

vacuum for 6 hours to ensure full curing and dryness. To check the recyclability of the resulting vitrimers, 

they were ground up and hot pressed at 125 ℃ and 14 metric tons for up to 6 hours, yielding a transparent 

material. 
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The POSS-NH2-incorporated vitrimer nanocomposites based on different loadings of POSS-NH2 (0, 5, 10 

and 20 wt%) were prepared by solution mixing as indicated in Table 4. For Composite-20, POSS-NH2 (0.3 

g) was first dissolved in toluene (3 g) and added into the solution of polymer/toluene (1.5 g AAEMA 50:50 

IBOMA, 1.5 g toluene). Next, the cross-linker solution (0.75 g Priamine in 2.0 g toluene) was added and 

mixed with the polymer and the final solution was transferred to the silicone molds to make rectangular and 

dog bone-shaped specimens. The same curing and recycling procedure were used as described earlier. The 

structure of amine-functionalized POSS-NH2 and its reaction with ketone groups are shown in Figure 3.  

Results and Discussion  

Poly(AAEMA-stat-IBOMA) Synthesis and Characterization  
We began our investigation by preparing statistical copolymers of AAEMA and IBOMA to study the 

polymerization kinetics. Nitroxide mediated polymerization (NMP) was adopted to synthesize copolymers 

with desired target molecular weights and well-defined controlled structures. Previously, Sumerlin and 

coworkers [6] used the RAFT technique to obtain well-defined polymers to be further treated with amines 

for vitrimer synthesis. However, the RAFT process was challenging since the polymer chains terminated 

by the thiocarbonylthio chain transfer agent were prone to rapid aminolysis upon treatment with primary 

amines. Therefore, they employed a post-polymerization treatment to replace the reactive thiocarbonylthio 

chain ends with inert cyanopropyl groups. 
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Figure 3. Schematic representation of reaction of aminopropylIsobutyl POSS and PriamineTM dimer 

diamine with ketone groups.   

In the first set of experiments, various statistical copolymers of AAEMA and IBOMA were synthesized 

using Dispolreg 007 initiator at 100 ℃ targeting  𝑀𝑀𝑛𝑛,𝑡𝑡ℎ𝑒𝑒𝑒𝑒= 30 kg mol-1 with an initial AAEMA molar 

fraction, fAAEMA, ranging from 0.1 to 0.9. The kinetic plots and the molecular characterization of the resulting 

copolymers are presented in Figure 4. Characterization of copolymers by both GPC and 1H NMR 

spectroscopy confirmed that the copolymerization was well-controlled in terms of linear Mn versus 

conversion and low Ɖ. In AAEMA-rich compositions, the Ð showed a tendency to broaden with 

conversion. According to Asua and coworkers [39], such an increase in Ð is due to low molecular weight 

chains (Figure S2) which are consistently present to varying extents during the polymer synthesis and affect 

Ð as chain length increases. Such low molecular weight tails could be arising from continuous initiation of 

chains due to the slow dissociation of Dispolreg 007 [43] combined with slow propagation from cyanoalkyl 

center [44] and/or termination reactions causing dead chains [39]. Although not studied here explicitly, 

chain end fidelity does not seem compromised in polymerizations with Dispolreg 007, as successful block 

copolymer synthesis has been reported elsewhere, despite the relatively broad molecular weight 
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distributions [45-47]. The copolymerization rate increases slightly with increasing AAEMA ratio. 

According to the literature, the propagation rate constant, kp, of AAEMA is 3723 L mol-1 s-1 and kp of 

IBOMA is 3589 L mol-1 s-1 at 100 ℃ [48, 49]. In addition to kinetic studies, thermal studies were performed 

and revealed the glass transition temperature (Tg) of samples ranged from 15 to 90 ℃ by increasing IBOMA 

from 10 mol% to 90 mol% (Table 2 and Figure S3). The corresponding reactivity ratios were determined 

via the Meyer and Lowry method, based on the work done by Skeist, fitting the evolution of fAAEMA with the 

overall molar conversion. This method takes into account the composition drift of the monomer feed during 

the polymerization [49-51]. 
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Using equation 1, the reactivity ratios obtained were rAAEMA = 1.43 ± 0.05 and rIBOMA = 0.79 ± 0.03, by 

minimizing the error between the theoretical and experimental data. This suggests that AAEMA is slightly 

more reactive than IBOMA toward both propagating species which could be resulting in a weakly gradient 

copolymer (Figure 4d).  For comparison, Zoller et al. [49] reported a complete kinetic analysis of AAEMA 

and AAEMA/MMA copolymerization, demonstrating a strong increase of copolymerization rate with 

increasing AAEMA content. The reactivity ratios of AAEMA/MMA copolymerization at 75 ℃ in ethyl 3-

ethoxypropionate (EEP) were found to be close to unity (rAAEMA = 0.98 and rMMA =0.89) by the Meyer–

Lowry method, suggesting an essentially random copolymer structure. Reactivity ratios for oxidative 

copolymerization of AAEMA with St and MMA calculated by the Kelen-Tüdös method indicated rAAEMA = 

0.095, rst = 8.65 and rAAEMA = 0.57, rMMA = 0.66, respectively [52]. 

Table 2. AAEMA/IBOMA statistical copolymerization formulation with molecular and thermal characterization for various compositions 

ID 
[Dispolreg]0 

(M) 

[AAEMA]0 

(M) 

[IBOMA]0 

(M) 

[Toluene]0 

(M) 

fAAEMA,0
a FAAEMA

b Ðc Mn
c 

(kg mol-1) 

Xd 

(%) 

Tg 

(℃) 

AAEMA 10:90 IBOMA 0.015 0.208 1.871 5.054 0.10 0.11 1.39 23.5 81 90 
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Figure 4. (a) Semi-logarithmic kinetic plots of ln[(1-x-1)] (x= monomer conversion) versus reaction time 

and (b) number average molecular weight, Mn, and (c) dispersity Ð versus conversion for NMP of 

AAEMA/IBOMA. (d) AAEMA molar feed (fAAEMA) versus overall molar conversion of monomers. 

AAEMA 20:80 IBOMA 0.015 0.420 1.679 5.083 0.20 0.22 1.43 24.2 83 84 

AAEMA 30:70 IBOMA 0.016 0.635 1.483 5.112 0.30 0.32 1.55 28.1 80 77 

AAEMA 40:60 IBOMA 0.016 0.855 1.283 5.142 0.40 0.44 1.54 26.7 84 60 

AAEMA 50:50 IBOMA 0.016 1.080 1.080 5.173 0.50 0.53 1.53 31.3 84 55 

AAEMA 60:40 IBOMA 0.016 1.308 0.872 5.204 0.60 0.62 1.63 33.5 86 40 

AAEMA 70:30 IBOMA 0.016 1.541 0.660 5.235 0.70 0.71 1.67 32.5 87 34 

AAEMA 80:20 IBOMA 0.016 1.779 0.445 5.267 0.80 0.82 1.70 33.2 87 25 

AAEMA 90:10 IBOMA 0.016 2.021 0.225 5.300 0.90 0.90 1.77 35.2 90 15 
a Initial molar fraction of AAEMA in the feed, b molar fraction of AAEMA in final polymer, c Ð and number-average molecular weight (Mn) of the polymer 
determined by GPC relative to PMMA standards at 40 ℃. d Final monomer conversion determined by 1HNMR.  
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Theoretical lines were calculated with rAAEMA = 1.43 and rIBOMA = 0.79. All experimental ID and 

characterization of experiments are listed in Table 2. 

After completing the kinetic studies, the composition containing 50 mol% AAEMA (AAEMA 50:50 

IBOMA) was selected for further experiments as it contains enough IBOMA to achieve desirable 

mechanical and thermal properties while also retaining sufficient cross-linkable units to promote facile 

exchange. In addition to solution polymerization, we conducted polymerization in dispersed aqueous media 

(Figure 5). Accordingly, we were able to reach a total conversion in miniemulsion (92%) comparable to the 

solution polymerization (84%). According to Figure 5, the polymerization obeyed first-order kinetics and 

the growth of molecular weight remained uniform with monomer conversion and Đs were between 1.14-

1.65. Table 3 compares the molecular characterization of the solvent-based and water-based copolymers. 

Table 3. Comparison of molecular characterization of solvent-based (S) and water-based (W) poly(AAEMA-stat-
IBOMA) 

ID fAAEMA,0
a FAAEMA

b Ðc Mn (kg mol-1)c X (%)d 

Poly(AAEMA-stat-IBOMA)-S 0.5 0.53 1.53 31.3 84 
Poly(AAEMA-stat-IBOMA)-W 0.5 0.44 1.65 37.1 92 

a Initial molar fraction of AAEMA in the feed, b molar fraction of AAEMA in final polymer, c Ð and number-average molecular 
weight (Mn) of the polymer determined by GPC relative to PMMA standards at 40 ℃. d Final monomer conversion determined by 
1HNMR. 
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Figure 5. Comparison of solution polymerization and miniemulsion polymerization of AAEMA 50:50 

IBOMA using NMP. (a) Semi-logarithmic kinetic plots of ln[(1-x)-1] (x= monomer conversion) versus 

polymerization time for solution (■) and miniemulsion (■) polymerization, (b) number average molecular 

weight, Mn, and dispersity Ð versus conversion for solution (■, □) and miniemulsion (■, □) polymerization.  

Vitrimers and Nanocomposites Synthesis and Characterization 

After the synthesis of AAEMA 50:50 IBOMA copolymers, they were converted to vitrimers using a bi-

functional amine (PriamineTM 1075) by a solution casting method. First, a solution of poly(AAEMA-stat-

IBOMA) in toluene was treated with Priamine at room temperature. Then, the resultant solution was 

transferred to silicone molds and evaporated at room temperature and post-cured in an oven to yield 

homogeneous vitrimer specimens with rectangular and dog-bone shapes (hereinafter referred as Vitrimer-

S (made by solution polymerization) and Vitrimer-W (made by miniemulsion polymer in dispersed aqueous 

media).  

As outlined in the Introduction, one of the major applications where the unique properties of vitrimers can 

be an asset is for composites. Nanoparticles have often been used to improve the mechanical and thermal 

properties of polymers [53, 54]. Recently, incorporation of fillers to vitrimers and recyclability of the 

resulting composites have attracted a lot of attention as a thermoset substitute for the development of 

reshapable, weldable and recyclable composites [10, 55-59]. Thus, POSS-NH2 nanoparticles were 

incorporated here through the reaction of the ketone from AAEMA units and the amine group from POSS-

NH2 in order to improve the thermal stability and mechanical properties of the resulting material. We 

experienced challenges with incorporating POSS via suitable methacrylate functionalization and free 

radical copolymerization (eg. low ceiling temperature and steric hindrance) [60]. Attaching POSS in a post-

polymerization step (Figure 3) was much more facile and allowed us to take advantage of POSS’s hybrid 

structure (useful for compatibilization) and its smaller size compared to other fillers (<10 nm, good for 

transparency) [61, 62]. 
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 A series of vitrimer nanocomposites based on different loadings of POSS-NH2 (0, 5, 10 and 20 wt%) was 

prepared as described in the experimental section (molar ratios of POSS-NH2 to AAEMA are given in Table 

4). Formation of vinylogous urethane groups was then confirmed by FTIR spectroscopy for the vitrimers 

(see Supplementary Information for the full spectra). According to Figure 6a, the bands at 1655 cm-1 and 

1600 cm-1 correspond to N-H bending and C=C stretching, respectively. The peak around 1720 cm-1 arises 

from C=O bonds [63]. According to Figure 6a, S13 to S15, the bands at 1655 cm-1 and 1600 cm-1 correspond 

to N-H bending and C=C stretching, are stronger for composite compared to vitrimer-S. In addition, the 

bands at 1100 cm−1 and narrow band at 780 cm−1 are associated with the Si−O−Si and Si−C stretching 

vibrations of the POSS, respectively, which indicates that POSS has existed in the composite [64, 65]. 

Figure 6c and d show tensile stress-strain curve and TGA curves of Vitrimer-S and nanocomposites with 

different POSS-NH2 loadings. The data summarizing the mechanical and thermal properties are listed in 

Table 4. Composite-20 showed superior mechanical properties with tensile modulus of 176 ± 6 MPa and 

tensile strength of 4.96 ± 0.21 MPA, Tdec of 255℃ and 2.4 wt% ash content. The low ash content for some 

POSS-incorporated polymers has been previously observed in the literature [66]. Vitrimer-S showed the 

lowest modulus, strength, Tdec and ash content and highest elongation at break. Vitrimer-S and Composite-

20 were then chosen for recycling experiments. Although not the key focus here, it is worth mentioning 

that the bio-based carbon content of the synthesized Vitrimer-S and nanocomposites were crudely estimated 

by taking into account the bio-based carbon content of constituting components in the final formulation 

[67].  

Table 4. Comparison of tensile and thermal properties of Vitrimer-S and nanocomposites 

ID 
POSS-
NH2 

(wt%) 

POSS-NH2: 
AAEMA 
(mol/mol) 

Priamine : 
AAEMA 
(mol/mol)  

Young’s 
Modulus 
(MPa) 

Stress at 
break (MPa) 

Strain at break 
(%) 

Tdec
a
 

(℃) 

Ash 
Contenta 
(wt%) 

Bio-based 
Carbon 

Contentb 
(%) 

Vitrimer-S 0 0:1 0.7:1 96 ± 3 2.54 ± 0.11 5.12  ± 0.08 225 0 66 

Composite-5 5 0.02:1 0.7:1 106 ±7 2.81 ± 0.18 4.94 ± 0.13 240 0.9 65 

Composite-10 10 0.05:1 0.7:1 130 ± 5 3.19 ± 0.25 4.77 ± 0.17 240 1.4 65 
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Figure 6. FTIR spectra of poly(AAEMA-stat-IBOMA) polymer, Vitrimer-S and Composite, indicating the 

appearance of vinylogous urethanes after cross-linking with PriamineTM 1075 dimer diamine. 

Composite-20 20 0.09:1 0.7:1 176 ± 6 4.96 ± 0.21 4.70  ± 0.21 255 2.4 64 
a Tdec and Ash Content measured by TGA under nitrogen flow at a ramp rate of 10 ℃ min−1. b Bio-based carbon content was estimated by 
considering that AAEMA can be partially renewable as mentioned in the introduction. 
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Stress Relaxation of the Vitrimer-S and Composite 

As previously reported in the literature, fillers can affect the activation energies of stress relaxation at 

elevated temperatures and, as a result, affect the vitrimer recovery [10, 55, 58, 68]. We thus investigated 

the stress relaxation behavior of the vitrimer and the influence of POSS nanoparticles on it. Figure 7a 

compares the rates of stress relaxation at 110 ℃ for both samples. As expected, the network composite 

exhibits slower stress relaxation compared to the neat network. For instance, the time required to relax to 

37% (1/e) of the initial stress at 110 ℃ increases from 9 s in Vitrimer-S to 21 s in Composite. Overall, the 

samples showed rapid relaxation behavior which is similar to some studies literature [69]. For instance, 

aminated silica/PDMS vinylogous urethane vitrimer nanocomposites revealed fast relaxation time ~20 s at 

relatively low temperatures of 110 ℃. Furthermore, the stress of all PDMS vitrimer composites levelled 

off after 1200 s indicating the presence of vinylogous urethane crosslinks acting as permanent crosslinks, 

which is similar to the present study [33]. In another study, the relaxation time was as low as 12 s at 170 ℃ 

for a bio-based vitrimer epoxy [12]. According to Du Prez and coworkers [70], adjusting the stoichiometry 

and catalysts can control relaxation times over the range of four orders of magnitude, down to ultrafast 

relaxation times below one second. 

It should be noted that the mono-functionalized POSS cannot participate in the dynamic exchanges during 

network rearrangement as it has only one functional group attaching to the silsesquioxane cage. According 

to Torkelson and coworkers [55], when nanofillers have surface functional groups that can participate in 

dynamic exchanges with the network matrix, recycling leads to losses in mechanical properties along with 

faster rates and lower apparent activation energy of stress relaxation compared to the neat network at 

elevated temperatures. However, using non-reactive nanofillers lacking significant levels of functional 

groups exhibit slower rates with higher apparent activation energy of stress relaxation and higher recovery 

after recycling compared to functionalized nanoparticles. Indeed, the incorporation of nanofillers in the 

polymer matrix reduces the network’s mobility as fillers serve as non-flowable solids anchored to the 

polymer chains. Nanoparticles may also block some functional groups on the polymer chains from 
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contacting with each other and thus reducing the probability of dynamic exchanges [55, 71]. Yet, in this 

study, even with high filler loadings (20 wt %) the nanocomposites are able to relax at elevated temperatures 

(see Figure S9) as previously observed in similar studies [10, 68]. As shown in Figure 7b, the system 

relaxation can be fit to an Arrhenius type relationship using a characteristic relaxation time (τ), which is the 

time required for stress to relax to 1/e of its initial value at the given temperature. The activation energy 

was thus extracted from the slope of ln(τ) versus 1000/T (see Supplementary Information for calculation 

details) [72]. The activation energy for Vitrimer-S and Composite was calculated to be 56 kJ mol-1 and 70 

kJ mol-1, respectively. This is in good agreement with the values previously reported for vinylogous 

urethane-based vitrimers (55-81 kJ mol-1) [9, 28].  

 

Figure 7. (a) Stress relaxation curves of neat Vitrimer-S and Composite at 110 ℃ and a strain of 1%. (b) 

Arrhenius plots obtained from stress relaxation values at G/G0 =1/e at various temperatures for Vitrimer-S 

and Composite obtained from Figure S9.  

Vitrimers and Nanocomposite Recycling 
After preparation of the vitrimers, they were reprocessed at 125 ℃ and under a pressure of 14 metric tons 

by hot-press molding up to 6 hours. It is well-known that most of the thermoplastics are usually processed 
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at temperatures above 200 ℃ [73, 74]. According to Du Prez and coworker [74], processing the NMP-

based polymers at such high temperatures (above 200 ℃), results in side reactions due to the reactive chain-

end radical promoted by flowing and diffusion of the polymer chains. This might eventually degrade the 

properties of the final product. In addition, previous studies showed that decomposition of nitroxide groups 

occurs at temperatures above 200 ℃ [74-77]. However, in the present work, we intentionally chose lower 

recycling temperature (125 ℃) to avoid/minimize the side reactions caused by the active chain ends. We 

lowered the recycling temperature by targeting lower glass transition temperatures compared to the similar 

studies on the methacrylate-based vitrimers [6, 29].Thermogravimetric analysis (TGA) was conducted in 

order to determine the thermal stability of cured samples under the recycling conditions. Figure S6 in 

Supplementary Information shows little isothermal degradation (< 4%) over 6 hours at 125 ℃ under 

nitrogen flow which could be due to the water release of the condensation reaction [9]. Comparable studies 

on the uncross-linked polymer did not show any degradation under the same recycling conditions (Figure 

S11 and S12). Thus, the neat vitrimers and nanocomposite were reprocessed mechanically by grinding and 

hot-pressing at 125 ℃ and 14 metric tons to yield recycled bars for further testing as shown in Figure 8. 

Samples were recycled three times and the retention of network integrity was investigated through DMA, 

FTIR and tensile tests (Figures 9,10).  

 

Figure 8. Recycling process of poly(AAEMA-stat-IBOMA) vitrimer. Rectangular and dog-bone shape 

bars: (a, c) after being ground and (b, d) after being hot-pressed at 125 ℃ and 14 metric tons for 6 hours.  
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DMA experiments (Figure 9) show the storage modulus and Tg of the specimens (59-61 ℃ for Vitrimer-S, 

58-60 ℃ for Vitrimer-W, and 79-82 ℃ for Composite) throughout the recycling steps. The storage modulus 

of the Composite at room temperature (438 MPa) was higher than the neat vitrimers (225 MPa for Vitrimer-

S and 350 MPa for Vitrimer-W). DMA confirmed the presence of a network with a rubbery plateau of 0.29 

MPa for Vitrimer-S, 0.55 MPa for Composite and 0.43 MPa for Vitrimer-W. The retention of network 

integrity upon recycling was further proven through the lack of appreciable changes in storage modulus and 

Tg after reprocessing. Notably, the first reprocessed samples exhibited a rubbery plateau modulus enhanced 

relative to the original samples which could be due to the formation of additional crosslinks within the 

system according to the literature [55] and has been observed in similar vinylogous urethane vitrimer studies 

[6, 29]. The average recovery of mechanical properties for Vitrimer-S (93%) and Vitrimer-W (91%) were 

slightly higher than the Composite (88%), which is in good agreement with similar studies [6, 78, 79] 

(between 80-90% for the neat and reinforced vinylogous urethane networks). In addition, FTIR showed no 

noticeable degradation after successive recycling cycles and the peaks corresponding to vinylogous 

urethanes are retained after recycling (please see Supplementary Information for complete FTIR spectrum). 
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Figure 9. Reprocessing and characterization of vitrimer networks: Storage modulus, tan δ (from DMA) and 

FTIR spectra of (a) Vitrimer-S and composite, and (b) Vitrimer-W, showing the retention of vinylogous 

urethane cross-links in the recycled samples. 

Figure 10 and Table 5 compare the tensile properties of specimens after 0 to 3 recycling cycles. Tensile 

tests were achieved at room temperature before each recycling step. Among all the original and recycled 

samples, Composite exhibited the highest and Vitrimer-S had the lowest tensile properties. The less elastic 

nature in the Composite could be due to the bulky structure of POSS-NH2 groups causing a decrease in the 

entanglement of polymer chains [63]. The tensile properties between Vitrimer-S and Vitrimer-W is 

marginally different which could be due to the different IBOMA content and slightly higher molecular 

weight in Vitrimer-W and consequently small differences of tensile properties [80]. Upon the first 

reprocessing step, a decrease of 10-13% was observed in stress at break and tensile modulus in all samples. 
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However, after additional recycling steps, the stress at break and Young’s modulus reaches a plateau. This 

drop in mechanical properties could be due to an insufficient healing step and the lack of free amines as 

previously observed in the literature [69, 81]. 

 

Figure 10. Stress-strain curves of Vitrimer-S, composite and Vitrimer-W for different reprocessing cycles. 

 

We also investigated the chemical un-cross-linking by dissolving the cross-linked polymer in presence of 

an excess mono-functional amine (Figure 11) similar to the methods previously reported in the literature 

[20, 69, 79, 82]. It should be noted that the resulting network could not be dissolved by applying heat and 

solvent. The solubility test (see Supplementary Information) showed that the network is insoluble after 24 

hours at temperatures between 80-100 ℃ in THF, toluene and acetonitrile (Figure S8). The gel fractions 

from the solubility test remained above 98% for Vitrimer-S and Vitrimer-W and above 94% for Composite 

before and after first recycling step, which confirms the high and permanent cross-link density of the 

Table 5. Tensile properties of vitrimers after 0 to 3 reprocessing. 

ID 
Young’s Modulus (MPa) 

 Stress at break (MPa) Strain at break (%) 

×0 ×1 ×2 ×3 ×0 ×1 ×2 ×3 ×0 ×1 ×2 ×3 
Vitrimer-S 96 ± 3 83 ± 2 70 ± 5 75 ± 2 2.54 ± 0.11 2.27  ± 0.16 1.99  ± 0.13 2.08  ± 0.17 5.12  ±0.08 5.75  ± 0.14 5.35  ± 0.17 4.59  ± 0.12 
Vitrimer-W 110 ± 5 99 ± 7 94 ± 3 87 ± 5 4.33 ± 0.17 4.04  ± 0.21 3.43 ± 0. 14 3.61  ± 0.20 5.77  ± 0.12 6.53  ± 0.22 5.77  ± 0.15 6.30  ± 0.17 
Composite 176 ± 6 159 ± 8 148 ± 5 155 ± 6 4.96 ± 0.21 4.50  ± 0.24 4.01  ± 0.18 3.99  ± 0.14 4.70  ± 0.21 4.42  ± 0.15 4.20  ± 0.21 3.87  ± 0.16 
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materials. However, upon addition of butylamine, the network dissolves as a result of the exchange reaction. 

Thus, we used the following procedure: 0.39 g of Vitrimer-S were added to a vial containing 2 ml 

butylamine and 17 ml acetonitrile solvent and the solution was then stirred at 65 ℃. As expected, addition 

of butylamine in the solvent resulted in a complete dissolution of the material due to amine exchange 

reaction. Finally, the obtained uncross-linked polymer chains were recovered by precipitation in 3× excess 

methanol. The GPC chromatogram of the original poly(AAEMA-stat-IBOMA) versus the recovered 

polymer shows the un-cross-linking process with a mono-functional amine and the recovery of polymer 

(Figure 11c). The recovered polymer had slightly higher molecular weight compared to the original polymer 

probably due to the branched structures and possible remaining cross-linked chains as previously observed 

in the literature [6]. However, possible side reactions should be taken into account as they result in 

irreversible cross-links or decomposition of the recycled material. 1H NMR spectra of the recovered 

material (Figure S16) shows the characteristic peaks of the poly(AAEMA-stat-IBOMA) and butylamine 

and no significant changes on the recovered material after treatment with butylamine, which has been 

previously confirmed by Du Prez and coworkers [9] for the transamination of the vinylogous urethanes.  
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Figure 11. Un-cross-linking the network with mono-functional amine: (a) Schematic representation of 

dissolving the cross-linked polymer in presence of excess butylamine, (b) dissolved sample after treatment 

with butylamine at 65 ℃ and precipitation of the un-cross-linked polymer in methanol at room temperature, 

and (c) GPC chromatogram of the original vs recovered poly(AAEMA-stat-IBOMA). 

Conclusions 

We have demonstrated catalyst-free vinylogous urethane bio-based vitrimers and nanocomposite from 

AAEMA and IBOMA (a commercially available bio-based monomer) with potential applications in 

coatings and insulating materials. First, we explored NMP of poly(AAEMA-stat-IBOMA) and studied the 

polymerization kinetics. The reactivity ratios of the AAEMA/IBOMA pair in toluene at 100℃ were found 

to be rAAEMA = 1.43±0.05 and rIBOMA = 0.79±0.03. To offer another useful route to obtain the same 

copolymers, we used nitroxide-mediated miniemulsion polymerization to synthesize the water-borne 

copolymers. Solution cast cross-linking using a bio-based bi-functional amine was used to synthesize the 
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cross-linked polymers. Improvement of thermal stability and tensile properties was achieved by adding 

amine-functionalized POSS nanoparticles to synthesize composite networks. Composite networks 

exhibited slower relaxation rates with higher apparent activation energy of stress relaxation compared to 

the neat vitrimer. Mechanical analysis and FTIR results confirmed the recyclability of vitrimers by hot press 

at 125 ℃ without appreciable changes in storage modulus and Tg after reprocessing. In order to further 

improve the mechanical properties, we suggest targeting higher Mn and Tg for the as-synthesized polymer 

as well as using multifunctional amines or multifunctional POSS in the vitrimer in the future. This dynamic 

process can be activated solely using elevated temperatures without using any catalysts. Finally, chemical 

un-cross-linking of the vitrimer was carried out by using butylamine, confirming that amine functional 

groups can be exchanged in a subsequent heat-activated transamination step. From a synthetic perspective, 

the ability to recycle a previously cross-linked polymer could reduce material waste and improve the 

economy of experimental designs.  
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