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Ultra-Strong and Crack-Tolerant Elastomers Enabled by Geometrically Complementary H-Bonded Semicarbazides
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1. Characterization techniques
1.1 Nuclear Magnetic Resonance (NMR)
High-field solid-state NMR (SSNMR) experiments were performed on a Bruker AVANCE NEO wide-bore (89 mm) NMR spectrometer at room temperature (25 °C) and operating at frequencies of 400.18 and 100.6 MHz for 1H and 13C, respectively. Conventional 4 mm double-resonance CP/MAS (cross-polarization/magic-angle spinning) probehead was used, and samples with a volume of 52 μl were placed in a zirconia PENCIL rotor. The MAS was automatically controlled with a speed controller for all one and two-dimensional (1D and 2D) experiments, TOSS (total suppression of spinning sidebands) [1] was adopted during 13C signal acquisition. The 1H and 13C chemical shifts were referenced to external TMS (0 ppm) and hexamethylbenzene (HMB, 17.3 ppm for CH3).

(1) 1H-13C CPMAS experiments: Ramped CP NMR (Figure S15a) spectra were acquired under a magic angle-spinning (MAS) rate of 5 kHz. The CP contact time was 300 μs. To obtain well-resolved 13C NMR spectra, high-power 1H-decoupling conditions via the SPINAL-64 technique [2] in a decoupling field of approximately 80 kHz was adopted during 13C signal acquisition.

(2) 2D 13C separation of undistorted powder patterns by effortless recoupling (SUPER) experiment [3]: This experiment (Figure S15b) is used to obtain undistorted, quasi-static chemical-shift powder patterns under MAS condition. The sequence correlates quasi-static powder line shapes to the isotropic chemical shifts. The CSA scaling factor of 0.155 was used, the 13C field strength of the 360° pulses is γCB1,C = 12.12ωr . TOSS was combined with an incrementation of the preceding z period in four steps of tr /4, which provides the “γ integral” that suppresses sidebands up to fourth order. The number of t1 increments was set to 25, with 480 scans averaged per t1 increment.

 (3) 2D 13C-1H WISE experiment:[4] The WISE experiment (Figure S15c) correlates the 13C CP/MAS spectrum (F2 dimension) with the proton wide-line spectrum (F1 dimension) due to 1H-1H and 13C-1H interactions. The pulse sequence is shown in Figure 1c. Spectral widths of 30 and 500 kHz were used for the F2 and F1 dimensions, respectively, and 200 t1 increments were used in the 2D WISE experiments. The 90° pulse length was typically 2.5 μs, the CP contact time was 100 μs to minimize the spin diffusion, and the recycle delay was 2 s.

1.2 Simulation and fitting of 13C CSA curves 

Assuming the magnetic field direction in the Principal Axis System (PAS) is defined by Euler angles (α, β), with the three principal components of the chemical shift tensor being δ11, δ22, δ33, the component of the chemical shift tensor along the magnetic field direction (Z-axis), denoted as δzz (i.e., the NMR observed frequency), can be expressed as [5]:
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The isotropic chemical shift δiso, anisotropy parameter δCSA and asymmetry parameter η can be obtained as:
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The traceless part of the chemical shift tensor (δ’11, δ’22 and δ’33) can be written as:
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In powdered samples, since the orientation of each nucleus's principal axes relative to the external magnetic field is isotopically distributed, this leads to a distribution of -resonance frequencies, manifesting as the powder pattern line shape of the chemical shift tensor. If I(δ) represents the NMR signal intensity at chemical shift δ, and p(Ω)dΩ denotes the probability of finding a tensor orientation within the solid angle between Ω and Ω + dΩ, then:
I(δ)dδ=p(Ω)dΩ=p(α,β)dαsinβdβ                  (Eq S6)

Based on this relationship, the theoretical formula for powder pattern intensity can be derived, thereby enabling the simulation of the theoretical CSA powder pattern line shape, thus the 13C chemical shift tensor values can be determined from the experimental spectra. The simulation and fitting were carried out using a self-programmed solid-state NMR software coded in C++ in our laboratory or the SIMPSON simulation program. [6] 
1.3 Simulations of the structures of the PUU-HI elastomers 

All-atom MD simulation systems are comprised of 10 polymer chains, each of which consists of two hard and three soft segments. The number of repeating units in the soft segments are 12. The simulations were carried out using the Forcite module of the Materials Studio (Accelrys inc., San Diego) with COMPASSII force field. The initial configurations of simulation systems were constructed by randomly distributing the polymer chains in simulation cells using the Amorphous Cell module of the Materials Studio. Van der Waals and Coulomb interactions were respectively considered by atom based and Ewald methods with a cut-off value of 12.5 Å. Equations of motion were integrated with a time step of 1 fs. After annealing and energy minimization, each system was fully relaxed under periodic boundary conditions for 500 ps in the NPT (P = 1 atmosphere, T = 298.0 K) ensemble using the Nose thermostat and Berendsen barostat. Then another 1 ns simulation under NVT ensemble was performed to extract trajectory and data for hydrogen bond number analysis. The number of H-bonds is counted by recognizing the H-bonding interactions between the hydrogen atom from the NH groups and the oxygen atom from the C=O groups. The criterion for the H-bond is that the length of H-O bond is smaller than 2.5 Å and the angle of O-H-N is greater than 120 degrees.
2. Supplementary Figures and Tables
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Supplementary Scheme 1. Schematic synthesis pathway of IPDAA.
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Supplementary Figure 1. The 1H NMR (400 MHz, DMSO-d6) of IPDAA.

[image: image8.png]1 12
7 8 0
H _H
N_2_N_ S JU .NH
- iy . 2
H,N \n/ el s N 1 N
) 10
10
5 7911
1 56 3|
I 3 ‘I‘lJ‘ 12

160 140 120 100 80 60 40 20
& [ppm]




Supplementary Figure 2. The 13C NMR (400 MHz, DMSO-d6) of IPDAA.
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Supplementary Scheme 2. Schematic synthesis pathway of HMDAA.
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Supplementary Figure 3. The 1H NMR (400 MHz, DMSO-d6) of HMDAA.
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Supplementary Figure 4. The 13C NMR (400 MHz, DMSO-d6) of HMDAA.
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 Supplementary Scheme 3. The synthesis process diagram of different types of PUU elastomers.
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Supplementary Figure 5. The 1H NMR (400 MHz, DMSO-d6) of PUU-H elastomer.
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Supplementary Figure 6. The 1H NMR (400 MHz, DMSO-d6) of PUU-I elastomer.
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Supplementary Figure 7. The 1H NMR (400 MHz, DMSO-d6) of PUU-HI elastomer.
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Supplementary Figure 8. FTIP analyses of PUU elastomers. (a) The FTIR spectra of elastomers (PUU-H, PUU-H2I, PUU-HI, PU-HI2, PUU-I), (b) PUUHI-HDI and PUUHI-HMDI.
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Supplementary Figure 9.  The synthesis process diagram of different types of polyurethane elastomers.
Supplementary Table 1. Components and contents used in the synthesis of the PUU elastomers

	Sample
	nPTMEG2000

(mmol)
	nIPDI
(mmol)
	nHMDAA
(mmol)
	nIPDAA
(mmol)

	PUU-H
	10
	20
	10
	0

	PUU-H2I
	10
	20
	3.33
	6.67

	PUU-HI
	10
	20
	5
	5

	PUU-HI2
	10
	20
	6.67
	3.33

	PUU-I
	10
	20
	0
	10
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Supplementary Figure 10. GPC traces recorded for PUU-I, PUU-HI, PUU-H2I and PUU-HI2 by using DMF as the elution solvent, and Poly (methyl methacrylate) as the standard.
Supplementary Table 2. Molecular weights of the PUUs

	Samples
	Mn [Da]
	Mw [Da]
	Polydispersity index

	PUU-I
	62496
	114901
	1.839

	PUU-HI
	59230
	118842
	2.006

	PUU-H2I
	54015
	104290
	1.931

	PUU-HI2
	64153
	102581
	1.599


Supplementary Table 3. Summary of the mechanical properties of the different PUU-HxIy elastomers, measured by the tensile tests at the strain rate of 0.069 s−1 (i.e., stretching speed of 50 mm min−1).
	Sample
	Ultimate engineering stress [MPa]
	Elongation-at-break [%]
	Toughness [MJ m−3]
	True stress at break [MPa]
	True strain at break [ln mm mm−1]

	PUU-H
	79.27±0.53
	780.88±23.55
	244.23±6.84
	696.01±21.74
	2.17±0.03

	PUU-H2I
	84.77±5.78
	947.71±51.06
	277.82±26.16
	889.53±93.33
	2.34±0.05

	PUU-HI
	120.24±1.09
	926.36±42.92
	400.23±20.65
	1272.91±30.06
	2.40±0.10

	PUU-HI2
	94.82±2.06
	1116.59±35.99
	324.85±22.79
	1121.71±30.58
	2.43±0.08

	PUU-I
	72.55±7.37
	1149.26±33.4
	229.61±8.52
	899.66±115.87
	2.52±0.03

	PUUHI-HMDI
	90.92±0.49
	765.17±31.47
	253.4±16.9
	801.8993±8.79
	2.17±0.01

	PUUHI-HDI
	81.76±4.57
	1250.42±26.95
	310.57±27.29
	1088.52±89.78
	2.59±0.02

	PUU-HMD
	55.26±4.91
	1203.63±147.92
	205.63±13.98
	766.87±44.61
	2.64±0.05

	PUU-SDH
	76.97±2.41
	1104.79±31.21
	233.38±23.91
	931.44±14.06
	2.53±0.02

	PUU-HDAA
	87.13±3.47
	1062.39±19.35
	317.34±18.67
	1013.27±41.00
	2.45±0.02
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Supplementary Figure 11. The first differential derivative of the stress-strain curve.
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Supplementary Figure 12. UV–vis transmission spectra of the PUU-H, PUU-H2I, PUU-HI, PUU-HI2 and PUU-I elastomers.
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Supplementary Figure 13. FTIR spectra of the different elastomer in the C=O stretching region. (a) PUU-HI2, (b) PUU-H2I, (c) PUUHI-HDI, (d) PUUHI-HMDI, (e) PUU-HMD, (f) PUU-SDH, (g) PUU-HDAA.
Supplementary Table 4. Summary of the assignment of the deconvoluted subpeaks in the FTIR C=O absorption bands for PUU the elastomers.
	Assignment
	Wavenumber (cm-1)
	Area(%)

	
	PUUHI-HDI
	PUU
HI-HMDI
	PUU-HMD
	PUU-SDH
	PUU-HDAA
	PUUHI-HDI
	PUUHI-HMDI
	PUU-HMD
	PUU-SDH
	PUU-HDAA

	( (C=O)

Urethane
amide
	Free
	I

(1723)
	I

(1720)
	I

(1719)
	I

(1721)
	I

(1720)
	9.44
	24.96
	28.84
	4.53
	6.67

	
	H-banded

(Ordered)
	II

(1703)
	II (1700)
	II

(1696)
	II

(1702)
	II

(1699)
	25.52
	7.00
	12.67
	36.48
	43.77

	( (C=O)

Urea
	Free
	III 
(1663)
	III (1680)
	III (1664)
	III  (1654)
	III (1663)
	49.03
	14.82
	35.85
	47.22
	31.09

	
	H-banded

(Disordered)
	IV

(1634)
	IV (1668)
	IV

(1635)
	IV (1630)
	IV (1637)
	12.85
	6.78
	22.64
	11.77
	18.47

	
	H-banded

(Disordered)
	V

(1621)
	V (1655)
	
	
	
	3.16
	30.20
	
	
	

	
	H-banded

(Ordered)
	
	VI (1624)
	
	
	
	
	16.22
	
	
	

	Total degree of H-bonded
	
	41.5
	60.2
	32.8
	48.7
	62.3


Supplementary Table 5. Summary of the assignment of the deconvoluted subpeaks in the FTIR C=O absorption bands for PUU-HxIy the elastomers.
	Assignment
	Wavenumber (cm-1)
	Area(%)

	
	PUU-H
	PUU-H2I
	PUU-HI
	PUU-HI2
	PUU-I
	PUU-H
	PUU-H2I
	PUU-HI
	PUU-HI2
	PUU-I

	( (C=O)

Urethane
amide
	Free
	I

(1718)
	I
(1718)
	I

(1721)
	I

(1719)
	I

(1720)
	22.6
	20.6
	12.3
	18.1
	13.2

	
	H-banded

(Ordered)
	II

(1700)
	II (1699)
	II

(1702)
	II

(1701)
	II

(1698)
	15.4
	12.1
	21.5
	14.8
	14.9

	( (C=O)

Urea
	Free
	III 
(1684)
	III (1684)
	III (1681)
	III  (1681)
	III (1668)
	12.8
	17.6
	16.2
	24.7
	39.6

	
	H-banded

(Disordered)
	IV

(1670)
	IV (1668)
	IV

(1673)
	IV (1657)
	IV (1651)
	2.5
	11.5
	7.3
	27.1
	0.9

	
	H-banded

(Disordered)
	V

(1659)
	V (1654)
	V

(1658)
	V (1637)
	V

(1641)
	32.6
	18.2
	32.6
	15.3
	27.7

	
	H-banded

(Ordered)
	VI 
(1641)
	VI (1638)
	VI (1638)
	
	VI (1621)
	14.1
	20.0
	10.1
	
	3.7

	Total degree of H-bonded
	
	64.9
	61.8
	71.5
	57.2
	47.2
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Supplementary Figure 14. Synthesis of the PUU-b as control sample.
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Supplementary Figure 15. Snapshots of the all-atom MD simulations of the structures of (a) PUU-H, (b) PUU-b.
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Supplementary Figure 16. (a) Pulse sequence for 1H-13C CPMAS experiments. (b) Pulse sequence for 2D 13C SUPER experiment. (c) Pulse sequence for 2D 13C-1H WISE experiment.
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Supplementary Figure 17. DSC curves of the PUU-H, PUU-H2I, PUU-HI, PUU-HI2 and PUU-I elastomers.
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Supplementary Figure 18. Thermal analyses of PUU elastomers. (a) Thermogravimetric analysis from 30 to 800 °C. (b) Enlarged curves in (a) in the region of 200–400 °C.
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Supplementary Figure 19. Dynamic mechanical analysis of PUU elastomers. (a) Temperature dependence of the storage modulus E’ and (b) loss modulus E’’ of the PUU-H, PUU-H2I, PUU-HI, PUU-HI2 and PUU-I elastomers measured by DMA. (c) tan( of the five elastomers, derived from the DMA measurements.
The chain mobility and viscoelastic behavior of the PUU elastomers were further characterized using dynamic mechanical analysis (DMA). As shown in Figure S18, the storage modulus exhibits a sharp, consistent decrease as temperature approaches the glass transition temperature (Tg), followed by a brief plateau before ultimately approaching zero, followed by a brief rubbery plateau before ultimately decreasing towards zero. Notably, the loss factor (tan δ) curve reveals two distinct relaxation peaks, corresponding to the Tg values of the soft segments and the hard segment-rich microdomains, respectively. Among the samples, PUU-HI exhibits a significantly higher Tg for the hard segments, attributed to its dense hydrogen-bonding network and the associated confinement effect.[7] 
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Supplementary Figure 20. Cyclic strain-stress curves at different strain of (a) PUU-H, (b) PUU-H2I, (c) PUU-HI2, (d) PUU-I elastomers.
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Supplementary Figure 21. Cyclic loading-unloading tensile curves of PUU-H elastomer with different waiting times.
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Supplementary Figure 22. The FT-IR spectra of PUU-HI elastomers that underwent different cycles of reprocessing.
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Supplementary Figure 23. FTIR spectra and fitting of the -NH stretching vibration peaks within the region of 3500 - 3125 cm−1 of PUU-HI.[8]
Supplementary Table 6. Assignments of the deconvoluted subpeaks of the -NH bands on the FTIR spectra of PUU-HI.
	Assignments
	Wavenumber (cm-1)

	Free v(N-H) of urea groups
	3345

	Free v(N-H) of urethane groups
	3325

	Double/Single H-bonded v(N-H)
	3272

	H-bonding between N-H group and soft segment oxygen
	3226

	Multiple H-bonded v(N-H)
	3192
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Supplementary Figure 24. Temperature-variable transition IR spectra of PUU-HI upon heating from 30 to 150 °C (interval:10 °C).
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Supplementary Figure 25. 2D-COS synchronous and asynchronous spectra generated from (Figure 6f). In 2D-COS spectra, red colors represent positive intensities, while blue colors represent negative intensities.
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Supplementary Figure 26. 2D-COS synchronous and asynchronous spectra generated from (Figure S24). In 2D-COS spectra, red colors represent positive intensities, while blue colors represent negative intensities.
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