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Fig. S1 Strain-dependent storage modulus curve of ES-20 sample at 160 ºC with a frequency of 1 

Hz. 
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Fig. S2 Conversion ratios of silanol and epoxy moieties at 160 ºC. 
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Fig. S3 Cross-linking kinetics of the ES-20 sample and its counterparts at 160 °C. 
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Fig. S4 Cross-linking kinetics of ES-20 samples cured by different catalysts at 160 ºC. 
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Fig. S5 Photographs of the swelling behaviors of the uncured and cured ES-20 in tetrahydrofuran 
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Fig. S6 Temperature dependence of storage modulus (E’) of ES samples. 
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Fig. S7 Representative stress-strain curves of ES-20 samples cured by different catalysts. 
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Fig. S8 Comparison of the normalized stress relaxation behaviors of ES-20 at 25 ºC and 160 ºC. 
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Fig. S9 Temperature dependence of the τ* of ES-20. The activation energy was calculated by 

fitting τ* with Arrhenius equation.  
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Fig. S10 Normalized stress relaxation profiles of ES samples at 160 ºC. 
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Fig. S11 Comparison of cross-linking densities of ES samples before and after reprocessing. 
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Fig. S12 Comparison of FTIR spectra of ES-20 sample before and after recycling. 
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Fig. S13 Isothermal TGA curve of ES-20 sample at 160 ºC 
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Scheme S1. Proposed plausible mechanism for the trans-oxyalkylation reaction between silyl ether 

linkages and free hydroxyl groups. 
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Table S1. Formulations of ES samples expressed as parts per hundreds of rubber (phr). 

Sample Code ES-10 ES-20 ES-30 ES-40 ES-50 ES-20-Zn ES-20-Fe 

ENR50 100 100 100 100 100 100 100 

Silica 10 20 30 40 50 20 20 

AlCl3 0.37 0.74 1.11 1.48 1.85   

ZnCl2      0.76  

FeCl3       0.9 
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Table S2. Sol fractions, swelling ratios and cross-linking densities of ES samples. The standard 

deviation for each sample was determined from 3 specimens. 

Sample 

Code 
Sol fraction (%) Swelling ratio (%) 

Cross-linking density 

(mol·cm-3·10-4) 

ES-10 11.5±0.2 318.4±14.3 2.3±0.2 

ES-20 8.4±0.3 253.0±9.2 3.7±0.2 

ES-30 6.9±0.2 195.1±4.2 4.3±0.2 

ES-40 5.6±0.4 159.8±1.7 4.5±0.1 

ES-50 5.0±0.3 137.4±8.0 5.0±0.4 
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Table S3. Mechanical properties of ES samples. The standard deviation for each sample was 

determined from 6 specimens. 

Sample 

Code 

Elongation at break 

(%) 

Tensile modulus 

(MPa) 

Tensile strength 

(MPa) 

Permanent set 

(%) 

ES-10 333.9±12.6 1.9±0.1 7.6±0.1 0 

ES-20 255.6±13.6 4.3±0.1 10.7±0.6 4 

ES-30 191.4±7.6 12.2±0.6 18.2±0.5 6 

ES-40 158.8±10.5 13.8±0.9 19.4±1.1 8 

ES-50 110.3±6.5 17.6±0.5 18.3±0.4 12 

ES-20-Zn 141.9±13.1 8.1±0.7 11.5±0.8 2 

ES-20-Fe 82.6±8.3 / 8.3±0.9 0 
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Table S4. Comparison of the mechanical properties ES-30 with previously reported nanoparticle-

filled vitrimers. 

Polymer matrix Filler 
Contenta 

(wt.%) 

TMb 

(MPa) 

TSc 

(MPa) 

EABd 

(%) 
Ref. 

DGEBAe 
Modified 

silica 
25.0 ~13.5 ~15 ~110 1 

CSBRf 
Modified 

silica 
23.0 ~3.2 ~10 ~220 2 

ENRg CCNTsh 13.0 ~8.0 ~19 ~230 3 

ENR CCBi 23.0 ~11.0 ~18 ~180 4 

PBj 
Modified 

silica 
16.7 ~3.2 ~1 ~380 5 

DGEBAe 
Modified 

silica 
20.0 ~61.0 / ~9 6 

ENR silica 23.0 ~12.2 18 191 
This 

work 

aContent: filler/(filler+elastomer); bTM: stress at 300% strain; cTS: tensile strength; dEAB: 

elongation at break; eDGEBA: Bisphenol A diglycidyl ether; fCSB: Carboxylated styrene-butadiene 

rubber; gENR: epoxidized natural rubber; hCCNTs: Carboxylated carbon nanotubes; iCCB: 

Carboxylated carbon black; nature rubber; jPB: Polybutadiene rubber;  
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Table S5. Characteristic relaxation times of ES-20 sample at different temperatures 

Temperature (ºC) Relaxation time (s) 

150 1404 

160 814 

170 495 

180 401 

190 233 
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