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Synthetic Procedures
Materials. Pentaerythritol (Sigma-Aldrich, 99%), benzaldehyde (Macklin, 99%), sodium bicarbonate (Energy Chemical, 99%), ethyl chloroformate (Energy Chemical, 99%), triethylamine (Energy Chemical, 99.5%), stannous octanoate (Sn(Oct)2, Aladdin, 97%), hexamethylene diisocyanate (HDI, Energy Chemical, 98%), concentrated hydrochloric acid (HCl, Sigma-Aldrich, 37%), N,N-Dimethylformamide (DMF, Energy Chemical, 99.8% (Extra Dry)), were used as purchased. Trimethylolpropane (TMP, TCI, 98%) was recrystallized from a mixture of acetone and ether in equal volume ratio three times before use; 1,3-dioxan-2-one (TMC, TCI, 98%) was recrystallized from ethyl acetate three times before use. Other reagents were obtained from Tianjin Bodi Chemical Co., Ltd., and used without further purification.
[bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: _Hlk115099028][bookmark: OLE_LINK5]Characterization and measurements
The PCUs were characterized by Fourier transform infrared (FTIR), which was measured on a Thermo Nicolet 20DXB spectrometer in attenuated total reflection mode. The spectra were collected through 32 scans with a spectral resolution of 2 cm−1 for a spectral range from 400 to 4000 cm−1. Hydrogen nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker Avance Ⅱ 400 MHz and Varian DLG 400 MHz NMR spectrometer. Gel fractions were obtained by swelling PCUs (m0, 50-100 mg) in THF (10 mL) for at least 48 hours, then removing the swollen PCUs and drying to constant weight by heating at 80°C under 20 mTorr vacuum, typically for 48 h, and the final mass measured (m1). Thermogravimetric analysis (TGA) was performed on TA Q500 thermogravimetric instrument. Samples were heated under a nitrogen atmosphere at a rate of 10°C/min from 0 to 600°C. T5%, 5% mass loss of samples, were determined by TGA. Differential scanning calorimetry (DSC) was performed on a TA instrument Q2000 Differential Scanning Calorimeter. Samples were heated at a rate of 10°C/min from room temperature to 150°C to erase thermal history, cooled to -20°C at 10°C/min, and then heated to 150°C at 10°C/min. Dynamic mechanical thermal analysis (DMTA) was performed on TA-Q800 DMA Instrument using dog-bone-shaped samples (T×W×L=0.5 mm × 2 mm × 35 mm and a gauge length of 12.5 mm). The strain amplitude and frequency were fixed at 0.1% and 1 Hz, respectively. The temperature was varied from -20 to 120°C, and the temperature rise rate was 3°C/min. Self-healing was observed using a polarized optical microscope (POM, Leica DMLP) equipped with a hot stage. 
The mechanical properties were measured on a universal testing machine (Instron 5567AR265) using dog-bone-shaped samples (T×W×L=0.5 mm × 2 mm × 35 mm and a gauge length of 12.5 mm). The stress-strain experiments were carried out at a rate of 5 mm/min at room temperature. Reported values are the averages and standard deviations of at least five replicates. The samples were aged for 2 h at 150°C in oven before testing. 
Stress relaxation analysis (SRA) was performed on TA-Q800 DMA Instrument using dog-bone-shaped samples (T×W×L=0.5 mm × 2 mm × 35 mm and a gauge length of 12.5 mm). The transducer was set to controlled force mode at a specified temperature (160-190°C). The stress decay was monitored until the stress relaxation modulus had relaxed to at least 37% (1/e) of its initial value. This was performed three times for each sample. The activation energy (Ea) was determined using the methodology in the literature.[1] 
Reprocessed procedure. To reprocess the materials, the networks were clipped into small pieces, and placed into a mold (T×W×L=0.5 mm × 2 mm × 35 mm) between two tetrafluoro flakes. This material was placed in a PHI 30-ton manual press preheated to the desired temperature (180°C) and allowed to thermally equilibrate for 10 minutes. The materials were compressed at 8-12 MPa of pressure for 2 h, and cutting into strips for tensile strength analysis. 
Equation S1:
(1)
where Ea is the activation energy of bond exchange, T is the experiment temperature, τ0 is the characteristic relaxation time, and R is the universal gas constant.
Synthesis route of 2-phenyl-1,3-dioxane-5,5-dimethanol. (Scheme S1) To a solution of 30.0 g (0.22 mol, 1 eq) of pentaerythritol in 220 mL of deionized water, 1.2 mL hydrochloric acid was added. Then, benzaldehyde (23.4 g, 0.22 mol, 1eq) was added dropwise to the mixture and stirred for 6 h. The crude products were collected by filtration, washed with distilled water, and recrystallization from toluene at 110°C to yield pure 2-phenyl-1,3-dioxane-5,5-dimethanol. Yield: 80%. 1H NMR (400 MHz, DMSO-d6, δ in ppm): 7.34-7.41 (m, 5H), 5.40 (s, 1H), 4.61 (t, 1H), 4.53 (t, 1H), 3.89 (d, 2H), 3.77 (d, 2H), 3.66 (d, 2H), 3.25 (d,2H). The structure of the product was determined by 1H NMR and the spectrum was presented in Figure S1.
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[bookmark: _Hlk146912199]Scheme S1. Synthesis route of 2-phenyl-1,3-dioxane-5,5-dimethanol.
Synthesis route of 9-Phenyl-2,4,8,10-tetraoxaspiro [5.5]undecan-3-one (PTO). (Scheme S2) To a three-necked flask charged with nitrogen (N2) at 0°C, 2-phenyl-1,3-dioxane-5,5-dimethanol (9.85 g, 44 mmol) and ethyl chloroformate (10.5 g, 97 mmol) were dissolved in THF (400 mL). The mixture was stirred for 30 min and triethylamine (9.78 g, 97 mmol) was added dropwise via a dropping funnel. The reaction mixture was removed from the ice bath and stirred at room temperature for 3 h. The solid precipitate was removed. The filtrate was removed in vacuo to obtain the crude product. The crude product was recrystallized from THF at 70°C. Yield: 70%. 1H NMR (400 MHz, CDCl3, δ in ppm): 3.89 (d, 2H), 4.08 (s, 2H), 4.22 (d,2H), 4.69 (s, 2H), 5.50 (s, 1H), 7.38-7.47 (m, 5H). The structure of the product was determined by 1H NMR and the spectrum was presented in Figure S2.
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[bookmark: _Hlk147601833]Scheme S2. Synthesis route of 9-Phenyl-2,4,8,10-tetraoxaspiro[5.5]undecan-3-one (PTO).
Synthesis route of P(TMC-co-PTOx). (Scheme S3) Take P(TMC-co-PTO20) as a sample: Sn(Oct)2 in toluene (0.1 M, 40 µL) as a catalyst and charged in a pressure vessel, along with TMC (4.08 g, 40 mmol), and PTO (2.50 g, 10 mmol), and TMP (0.223 g, 1.67 mmol). The reactants were dissolved in minimal anhydrous DMF to perform a homogeneity solution. The solution was heated to 90°C for 24 h, then allowed to cool to room temperature. The copolymer was poured into an excess of methanol with stirring, collected, and dried in vacuo. Yield: 91.5%.  The structure of the product was determined by 1H NMR and the spectrum was presented in Figure S3.
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[bookmark: _Hlk147602111]Scheme S3. Synthesis route of P(TMC-co-PTOx).

Table S1. Formulas of the PCUs.
	Samples
	TMC/mol%
	PTO/mol%
	PTO in copolymer/(mol%)a

	PTMC
	100
	0
	0

	P(TMC-co-PTO10)
	90
	10
	9.8

	P(TMC-co-PTO20)
	80
	20
	19.6

	P(TMC-co-PTO25)
	75
	25
	24.1

	P(TMC-co-PTO35)
	65
	35
	33.4

	P(TMC-co-PTO50)
	50
	50
	48.8


a )×100%, where Ib is the area of “ b ” in 1H NMR spectra of P(TMC-co-PTOx), and If is the area of “ f ” in 1H NMR spectra of P(TMC-co-PTOx).
Characterization Tables and Figures
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[bookmark: OLE_LINK4][bookmark: OLE_LINK6]Figure S1. GPC curves of P(TMC-co-PTOx).

[bookmark: _Hlk143335903]Table S2. Thermal properties of CL-P(TMC-co-PTOx)
	Samples
	G(%)
	Tg (℃, DSC)
	[bookmark: OLE_LINK51][bookmark: OLE_LINK64]Td5%(℃)
	Tmax(℃)
	Td90%(℃)
	
	υe/mol m-3 a

	CL-PTMC
	91.1
	-12
	268
	299
	312
	
	470

	CL-P(TMC-co-PTO10)
	92.0
	2
	262
	298
	362
	
	495

	CL-P(TMC-co-PTO20)
	90.7
	16
	258
	297
	371
	
	502

	CL-P(TMC-co-PTO25)
	90.0
	20
	269
	292
	386
	
	522


a The crosslinking density (υe) can be calculated from the rubbery plateau modulus by equation, where E’, R and T represent the storage modulus at Tg + 50°C (Tg is the glass transition temperature), gas constant and absolute temperature, respectively.

Table S3. Mechanical properties of CL-P(TMC-co-PTOx)
	Samples
	Young’s Modulus
(MPa)
	Elongation at break
(%)
	Stress at break
(MPa)

	CL-PTMC
	2.9±0.1
	586.3±9.6
	6.0±0.7

	CL-P(TMC-co-PTO10)
	3.8±0.3
	545.2±10.0
	11.2±1.1

	CL-P(TMC-co-PTO20)
	36.0±1.0
	470.2±9.4
	14.2±2.1

	CL-P(TMC-co-PTO25)
	369±8.6
	379.7±9.2
	19.6±0.1


[image: ]
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Figure S2. (a) Stress relaxation curves of PCUs at different temperatures. (b) ln (τ*) vs 1000/T of PCUs on the Arrhenius type equation.
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Figure S3. FTIR spectra of the as-synthesized and reprocessed PCUs. 
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[bookmark: OLE_LINK69][bookmark: OLE_LINK70]Figure S4. DSC curves of the as-synthesized and reprocessed PCUs. 
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Figure S5. Stress-strain curves of the as-synthesized and reprocessed PCUs.

[1] J.P. Brutman, P.A. Delgado, M.A. Hillmyer, Polylactide Vitrimers, ACS Macro Letters 3(7) (2014) 607-610. https://doi.org/10.1021/mz500269w.
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