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中度可信度描述已自动生成] 
[bookmark: _Hlk110140680][bookmark: _Toc111924611]A tough and healable polymeric glass (THG) assembled by hyperbranched polymer and entangled linear copolymer is proposed. THG is not only tough and robust, but also shows effective self-healing at ambient temperature in the glassy state. This self-healing behavior is attributed to the fact that the networks composed of amine-carboxylate salt bridges and hydrogen bonds are dynamic in the glassy state due to the diverse active moieties and relaxation processes. 

Supplementary Methods
[bookmark: _Toc111924612]Materials. N, N'-methylene diacrylamide (MBA, 99%+), 1,8-octanediamine (ODA, 98%+) were purchased from Aladdin. Butyl acrylate (BA, 99%+, stabilized with Hydroquinone monomethylether) and acrylic acid (AA, 99%+, stabilized with Hydroquinone monomethylether) were purchased from TCI. 2-Hydroxyethyl Methacrylate (HEMA, 99%+), Methyl Benzoate (MB, 99%+), Tetrahydrofuran (THF, 99.5%, safedry), Methanol (99.9%), petroleum ether and 2-hydroxy-2-methylpropiophenone were purchased from Adamas. Acetone and deionized water were purchased from Chengdu Kelong Chemical Reagent Factory. BA was further filtrated to remove the inhibitor through the basic alumina column, and all other chemicals were used as received. 

[bookmark: OLE_LINK15][bookmark: _Hlk97029094]General Characterization. FTIR spectra were recorded on Nicolet iS10 (Nicolet, America) in the range of 4000- 500 cm−1 at room temperature. The sample in KBr sheet was heated from 20 °C to 80 °C at 2 °C/min to collect the temperature-dependent FTIR spectra. This procedure was carried out in a vacuum chamber and dewatered at 120 °C for 30 min in advance. The collected spectra were further processed by 2DCS software to generate the synchronous and asynchronous 2D FTIR maps and PCMW spectrum. The 1H NMR spectra were measured on a Bruker AV III HD spectrometer operating at 400 MHz in deuterated methanol solution (for HBP) and deuterated dimethyl sulfoxide (for PBHAs) with TMS as reference. Quantitative 13C NMR spectra of HBP was measured by the method of inverse gated 1H decoupling on a Bruker AV II spectrometer operating at 600 MHz in deuterated methanol solvent. 13C, 1H-HSQC spectra were recorded using the standard pulse sequence provided by Bruker. The dynamic light scattering tests of HBP in 0.5 mg/mL ethanol solution was performed on a Zetasizer Nano analyzer (Malvern Masterizer 2000), demonstrates its distribution and average value of particle size. The molecular weight was measured by gel permeation chromatography (GPC) with dimethylformamide (DMF) as the eluent. The thermal gravimetric analysis (TGA) tests were measured by heating the sample from 35 °C to 650 °C at a rate of 10 °C/min on a TA Q500. The positron annihilation lifetime spectroscopy (PALS) was measured at room temperature through a fast-fast coincidence system with a time resolution of 220 ps. The samples with dimension of 10×10×2 mm were sandwiched with a 30 μCi (22Na) positron source. X-ray diffraction (XRD) experiments studies on THG were carried out on a Rigaku Xray diffractometer (Ultima IV) equipped with parallel beam optics attachment. DMA tests were measured on TA Q800 in the tension mode with the sample dimension about 20×5×1 mm3. The tests were performed in the temperature scanning mode in the range of -50 °C to 150 °C at a ramping rate of 3 °C/min and a frequency of 1 Hz with a strain amplitude of 30 μm. Dielectric measurements were made in two different patterns on a Novocontrol Concept 50 system with an Alpha impedance analyzer and Quatro Cryosystem temperature control. The frequency sweep model used a frequency range of 10-1 to 106 Hz at each temperature point from -20 to 90 °C with 10 °C intervals, and the temperature stability was better than 0.1 K. Disk-shaped films with a thickness of 1 mm and a diameter of 10 mm were placed in two parallel electrodes to perform the tests. Mechanical performances were measured on an Instron 5967 tensile tester at room temperature with a strain rate of 10 mm/min. The test samples were dumbbell-shaped sheets with dimensions of 35×2×1 mm3. The recycled samples were obtained by re-molding at 120°C after breaking THG into pieces. 

[bookmark: _Toc111924616][bookmark: _Hlk113217632]Supplementary Theoretical calculation
[bookmark: _Toc111924617]Degree of branching (DB).
The degree of branching can be calculated by the following equation:1

where D, T, L represent the fractions of the dendritic unit, terminal unit and linear unit, respectively, calculated from the integral proportions of the corresponding peaks 4', 4, and 4'' in the quantitative 1H NMR spectrum.

[bookmark: _Toc111924618]Positron Annihilation Lifetime Spectroscopy Analysis.  
Each lifetime spectrum contains 2×106 total counts at a count rate of 600 counts/s. Each lifetime spectrum can be decomposed into three discrete lifetime components using program LTv9.2 The first lifetime component τ1 and the second lifetime component τ2 are attributed to p-Ps (para-positronium) annihilation and direct annihilation of positrons. And the third lifetime component τ3 is attributed to the o-Ps (ortho-positronium) annihilation. The free volume is assumed as a spherical potential which is well surrounded by an electron layer of thickness ΔR. The radius of the free-volume holes can be calculated through the following semi-empirical equation:3

where ΔR is determined to be 1.656 Å for polymers.
The size of free volume V and relative free volume fraction (hole fraction) fV is expressed as follows:


where I3 is the o-Ps intensity and C is a material-dependent constant.

[bookmark: _Toc111924619]Noda’s rules for the generalized 2D correlation spectra and PCMW map.
If the correlation intensity Φ (v1, v2) in synchronous map has the same symbol (positive or negative) as the correlation peak Ψ (v1, v2) in asynchronous map, then the movement of band v1 is prior to or earlier than that of band v2, and vice versa. Besides, if the correlation intensity in synchronous map is not zero (or blank), but zero in asynchronous one, then the movements of bands at v1 and v2 are simultaneous. Noda’s rules are summarized as follows:4
(1) If Ф (v1, v2) > 0, Ψ (v1, v2) > 0 or Ф (v1, v2) < 0, Ψ (v1, v2) < 0, then the movement of v1 is before than that of v2.
(2) If Ф (v1, v2) > 0, Ψ (v1, v2) < 0 or Ф (v1, v2) < 0, Ψ (v1, v2) > 0, then the movement of v1 is after than that of v2.
(3) If Ф (v1, v2) > 0, Ψ (v1, v2) = 0 or Ф (v1, v2) < 0, Ψ (v1, v2) = 0, then the movements of v1 and v2 are simultaneous. 
Ф (v1, v2) and Ψ (v1, v2) represent the correlation peaks in synchronous and asynchronous map, respectively.
The rules of PCMW (in the case of linear increment perturbation) are as follows: positive synchronous correlation represents spectral intensity increasing, while negative one represents decreasing; positive asynchronous correlation can be observed for a convex spectral intensity variation while negative one can be observed for a concave variation.5, 6
[bookmark: _Toc111924620]Broadband Dielectric Data Analysis
Dielectric modulus (M*) conversion method：
As the temperatures above 30 °C, the real and imaginary parts of the dielectric permittivity varied greatly due to the prominent dielectric polarization. We thus convert the dielectric data measured above 30 °C into dielectric modulus formalism to distinguish the relaxation process.
Dielectric modulus (M*) is defined as the reciprocal of complex dielectric permittivity (ε*)and can be described by the following equation:7

The imaginary parts of dielectric modulus (M'') obtained from the above equation is used in place of dielectric loss permittivity ε''.

Havriliak-Negami (H-N) equation fitting:
To quantitatively analyze these relaxation processes, the analyses of the dielectric spectra are made by using Havriliak-Negami (H-N) function. In this model, the frequency dependence of the complex dielectric permittivity (ε*) can be described by the following equation: 8, 9

where Δε=εs - ε∞ is the dielectric strength, εs and ε∞ are the relaxed and unrelaxed values of dielectric constant, and τHN is the characteristic relaxation time. The parameters α and β (0 < α, αβ ≤ 1) define the symmetrical and asymmetrical broadening of the loss peak.
The relation between τHN and average relaxation time τmax is given by the following equations:


where fmax is the frequency at which ε'' passes through the maximum value.
The ε* in the fitted H-N equation is further converted into M*.

Vogel-Fulcher-Tamman (VFT) equation fitting:
The average relaxation times τmax can be extracted from the H-N equation. This characteristic relaxation time can be correlated with the temperature from 50 to 90 °C through Vogel-Fulcher-Tamman (VFT) equation as follows:10, 11

where τ0 and B are empirical parameters and T0 is the so-called Vogel temperature.
Further extrapolate the equation to around 25 °C to get the corresponding τmax at room temperature.

Arrhenius equation fitting:
To obtain the activation energy (Ea) of relaxation process around a specified temperature, we use the Arrhenius equation to linearly fit the data points, the equation is as follows:12

where τmax average relaxation time at the certain temperature, and τ0 is a proportionality constant. 

[bookmark: _Toc111924621]Self-healing efficiency. 
Self-healing efficiency (η) is calculated according to the following equation:

where σheal is the specified mechanical property value of the healed samples, and σori is the corresponding mechanical property value of the original samples.
Mechanical properties here include Young's modulus, yield strength and tensile toughness.
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Supplementary Figure 1. a) Glassy transparent THG sheet. b) Dumbbell-shaped THG samples.
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Supplementary Figure 2. FTIR analysis of HBP, THG hybrids and control samples. 
a) FTIR spectra of MBA, ODA and HBP respectively. The characteristic peaks of MBA are at 3305 cm-1 (N-H stretching vibration ), 1658 cm-1 (C=O stretching vibration), 1543 cm-1 (N-H bending vibration),13 while the peaks at 992 cm-1 and 967 cm-1 belong to the bending vibration peaks of vinyl groups, which disappeared in the spectra of HBP, indicating that the Michael addition reaction has consumed all double bonds and hyperbranched polymer was successfully synthesized.14 (b, c, d) FTIR spectra of HBP/PBA, HBP/PBH, control sample THG’, THG’’ and their components, respectively. Typically, peaks at 1730 cm-1, 1651 cm-1 and 1541 cm-1 belong to the C=O stretching of ester bond, amide Ⅰ band bending and amide II band bending, respectively. In particular, the peak at 1557 cm-1 can be assigned to the antisymmetric stretching vibration of ionized -COOH.
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Supplementary Figure 3. NMR characterization of HBP. 
a) Chemical structure of HBP. b) 1H NMR spectra of HBP and region amplified NMR analysis.
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Supplementary Figure 4. 1H NMR characterization of PBHA. 
a) 1H NMR spectra of monomers before (black line) and after (red line) copolymerization of PBHA. Where MB is an internal standard, and the integrated areas of A3, B2 and C3 are used to calculate the output ratio of monomers. b) 1H NMR spectra of PBHA as a proof of the synthesis process.
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Supplementary Figure 5. Characterization of the degree of branching (DB) of HBP.
a) Classification of structural units of HBP. b) Quantitative 13C NMR spectra of HBP. c) 13C, 1H-HSQC spectra of HBP, the 13C, 1H-HSQC spectra reveal the assignment of the structure units. The relative integrated area of peaks in quantitative 13C NMR spectra are used to calculate the degree of branching of HBP.





[image: ]

Supplementary Figure 6. a) Size distribution of HBP measured by Zetasizer Nano analyzer. b) GPC elution curve of PBHA, PBHA’, and PBHA’’, PMMA as the standard.
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Supplementary Figure 7. TGA curves of THG and components. The thermal weight loss ratio of the amide component in HBP between 220-300 °C can be used to calculate the content of HBP in THG hybrid. The mass ratios of HBP in the hybrid is around 39.8%.
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Supplementary Figure 8. a, b) Temperature dependent FTIR spectra of THG upon heating from 20 °C to 80 °C.
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Supplementary Figure 9. a) THG samples are swollen in H2O, EtOH, THF, DMF, and DMSO for 72 h, showing more obvious swelling but no dissolution with increasing polarity of the organic solvent. b) The HBP/PBH sample is completely dissolved in EtOH after 24 hours at room temperature, becoming a homogeneous solution, indicating the absence of a strong physically cross-linked network.
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Supplementary Figure 10. X-ray diffraction profiles for THG at 25 °C, showing that THG is amorphous without crystallization. 






[image: ]

Supplementary Figure 11. a) Stress-displacement curves of original and healed THG after healing for 30 mins under different temperature with tensile rate of 10 mm/min. b) Stress-displacement curves of original and healed THG after healing for 30 mins under 60 °C with tensile rate of 2 mm/min. The yielding and cold-drawing processes were observed during stretching at slower speed, and such insignificant toughness can be healed as well.
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Supplementary Figure 12. The healing efficiency of various mechanical properties of THG specimens by self-healing test II under different healing process without external force. THG exhibits excellent recovery of modulus and strength. The toughness healing efficiency promotes effectively with the increase of temperature and healing time, indicating that THG can recover its application performance after the self-healing test II without external force.
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Supplementary Figure 13. a) Dielectric loss Eps” as a function of frequency for THG from -20 °C to 90 °C, exhibiting obvious dielectric polarization. Further conversion of the coordinates to dielectric modulus M” facilitates continued analysis. b) The average relaxation time (τmax) of the α relaxation process gained by extrapolated the fitted VFT equations to the temperature from 25 to 40 °C, and marked the τmax at 25 °C.
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Supplementary Figure 14. Synchronous a) and asynchronous b) 2D FTIR maps of THG in the region 3600-3120 cm-1 during the heating process from 20 °C to 60 °C. Three intersections can be clearly identified on the synchronization map. a) Among them, the [3,550, 3,550 cm-1] and [3,375, 3,375 cm-1] correspond to the stretching vibration peaks of the free and bound -OH groups. Another peak at [3,300, 3,300 cm-1] can be attributed to the stretching vibration peaks of the bound -NH-. From the asynchronous map b), the negative peak at [3,550, 3,300 cm-1] and positive peak at [3,375, 3,300 cm-1] both imply that the general movement of the bound -NH- moieties occurs behind the -OH groups. 
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Supplementary Figure 15. PCMW synchronous map a) of THG shows the continuous changes of the infrared peaks of various groups in the range of 30 °C to 80 °C. PCMW synchronous map a) and asynchronous b) of THG in wider range from 1,495 to 1,765 cm-1.






Supplementary Table 1 Monomer ratio and molecular size characterization of HBP and PBHA.

	Components
	Feed ratio
MBA: ODA
	Z-average sizea 
(nm)

	HBP
	1: 1
	56.8

	Components
	Feed ratio
BA: HEMA: AA
	Output ratiob
BA: HEMA: AA
	Content of AA unitb
	Mnc 
(g/mol)
	PDIc 

	PBHA
	2.5: 1.5: 1.0
	3.0: 2.9: 1.0
	0.145
	216,900
	2.23



a: Through Zetasizer Nano analyzer (EtOH solvent, 0.5 mg/mL);
b: Calculated by 1H NMR spectroscopy;
c: Through GPC test (DMF solvent, 40 °C).







Supplementary Table 2 Mechanical Properties of THG and comparative samples.

	Samples
	Mna
(g/mol)
	Yield strength
(MPa)
	Tensile strength
(MPa)
	Young’s modulus
(MPa)
	Strain at break
(%)
	Tensile toughness
(MJ/m3)

	THG
	 2×105 
	43.9
	47.5
	1060.8
	229.1
	86.3

	THG’
	 5×104 
	39.2
	28.3
	742.0
	108.1
	33.0

	THG’’
	2×104 
	33.3
	26.2
	476.5
	65.0
	17.6

	HBP/PBA
	2×105 
	61.0
	44.2
	1206.0
	72.8
	33.3

	HBP/PBH
	2×105 
	2.8
	9.8
	18.2
	286.6
	17.4



a: Mn refers to the number average molecular weight of the linear copolymers in each hybrid.







Supplementary Table 3 The VFT equation fitted parameters for α relaxation process of THG.
	
	
	
	

	Ln(τ0)
	B (K)
	T0 (K)
	τmax(s)a

	-23.4 ± 0.1
	1373 ± 9
	265.7 ± 0.2
	1.63×108




a: The average relaxation time of α relaxation at 25 °C.
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