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Screening of catalysts for transurethanisation 

 

 

Figure S 1. Structures of the catalysts used in this study. 

 

The yield of urethane product was calculated from the integrations of signals c (4H in HMDC and 

urethane product) and g (4H in urethane product) (Figure S 2 to Figure S 9), according to Equation 

S1: 

𝑌𝑖𝑒𝑙𝑑 𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (%) = 100 ×  
∫ 𝒈

∫ 𝒄
    (S1)  
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Figure S 2. 1H NMR spectra (400 MHz, CDCl3) of the model transurethanisation reaction catalysed by TBD. 

 

 

Figure S 3. 1H NMR spectra (400 MHz, CDCl3) of the model transurethanisation reaction catalysed by Sn-A. 
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Figure S 4. 1H NMR spectra (400 MHz, CDCl3) of the model transurethanisation reaction catalysed by Sn-B. 

 

 

Figure S 5. 1H NMR spectra (400 MHz, CDCl3) of the model transurethanisation reaction catalysed by Zr. 
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Figure S 6. 1H NMR spectra (400 MHz, CDCl3) of the model transurethanisation reaction catalysed by Fe 

 

 

Figure S 7. 1H NMR spectra (400 MHz, CDCl3) of the model transurethanisation reaction catalysed by Bi-Zn. 
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Figure S 8. 1H NMR spectra (400 MHz, CDCl3) of the model transurethanisation reaction catalysed by K2CO3. 

 

 

Figure S 9. 1H NMR spectra (400 MHz, CDCl3) of the model transurethanisation reaction catalysed by NaOH. 
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The TU reaction was assumed to be first order with respect to both the carbamate and alcohol:1,2  

−
𝑑[𝐻𝑀𝐷𝐶]

𝑑𝑡
= 𝑘 [𝐻𝑀𝐷𝐶] [𝑃𝐸𝐺500𝑀𝑀] 

Since [PEG500MM] = 2 [HMDC]: 

−
𝑑[𝐻𝑀𝐷𝐶]

𝑑𝑡
= 2𝑘 [𝐻𝑀𝐷𝐶]2  ⇔  −

𝑑[𝐻𝑀𝐷𝐶]

[𝐻𝑀𝐷𝐶]2
= 2𝑘 𝑑𝑡 

Upon integration, we obtain: 

1

[𝐻𝑀𝐷𝐶]
= 2𝑘𝑡 +

1

[𝐻𝑀𝐷𝐶]0
 

Therefore, a plot of 1/[HMDC] = f(t) gives a linear regression of slope 2k (Figure S 10). 

[𝐻𝑀𝐷𝐶]0 =  
𝑛(𝐻𝑀𝐷𝐶)0

𝑉𝑡𝑜𝑡
 

with Vtot the total volume of solution. Vtot was estimated assuming that the reaction mixture had 

the density of PEG (1.13 g cm-3). 

𝑉𝑡𝑜𝑡 =  
𝑚(𝐻𝑀𝐷𝐶) + 𝑚(𝑃𝐸𝐺500𝑀𝑀)

1.13
=  

1 + 4.3

1.13
= 4.69 𝑐𝑚3 = 4.69 10−3 𝐿 

 

[𝐻𝑀𝐷𝐶]0 =  
𝑛(𝐻𝑀𝐷𝐶)0

𝑉𝑡𝑜𝑡
=  

4.3

4.69
= 0.92 𝑚𝑜𝑙 𝐿−1  

 

Figure S 10. Plots of 1/[HMDC] = f(t) used to evaluate the reaction rate. 
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Characterization of lignin-based polyol 

 

 

Scheme S 1. Reactions of lignin and PEG during polyol synthesis with EC: (a) reaction of phenolic OH, (b) reaction of 
aliphatic OH and (c) reaction of COOH. Adapted from Duval et al.3 

 

 

Figure S 11. 31P NMR of KL and the lignin-based polyol synthesized thereof. IS = internal standard. 
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Figure S 12. FTIR spectrum of the lignin-based polyol. 

 

 

Characterization of NIPU materials 

 

 

Figure S 13. (a) TGA and (b) DTG curves of the NIPU materials under N2. (c) TGA and (d) DTG curves of the NIPU 
materials under air. 
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Figure S 14. DSC of SKL. 

 

 

Figure S 15. Loss modulus G’’ of the NIPU materials measured by DMA. 
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Figure S 16. Stress-strain curves of NIPU materials measured by uniaxial tensile tests: (a) NIPU-Fe, (b) NIPU-TBD, (c) 
NIPU-Sn and (d) NIPU-Bi-Zn. 

 

 

Figure S 17. Comparison of the mechanical properties (uniaxial tensile tests) of the materials prepared in this study 
with previously reported lignin-based NIPU.4–9 
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Stress relaxation experiments 

 

 

Figure S 18. Stress relaxation of the NIPU materials: (a) NIPU-Fe, (b) NIPU-TBD, (c) NIPU-Sn and (d) NIPU-Bi-Zn. The 
data were fitted with a stretched exponential decay. 

 

The non-normalized stress relaxation data were fitted with a stretched exponential model 

(Kohlrausch–Williams–Watts (KWW) function): 

𝐺 (𝑡) =  𝐺0 𝑒−(
𝑡

𝜏∗
)𝛽

    Equation S1 

 

The fits were performed for t > 1 s. The fit parameters are listed in Tables S1 to S4. 
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Table S 1. Results of the fit of stress relaxation data of NIPU-Fe. 

T (°C) τ* (s) β G0 (MPa) R² <τ> (s) ln <τ> 
140 5044 0.45 0.50 > 0.99 12461 9.43 
150 2196 0.50 0.57 > 0.99 4426 8.40 
160 597 0.56 0.65 > 0.99 996 6.90 
170 156 0.60 0.70 > 0.99 233 5.45 
180 45 0.62 0.80 > 0.99 65 4.18 

 

Table S 2. Results of the fit of stress relaxation data of NIPU-TBD. 

T (°C) τ* (s) β G0 (MPa) R² <τ> (s) ln <τ> 
140 8717 0.52 0.71 > 0.99 16153 9.69 
150 3053 0.61 0.78 > 0.99 4515 8.42 
160 1155 0.63 0.95 > 0.99 1636 7.40 
170 428 0.63 1.12 > 0.99 604 6.40 
180 169 0.59 1.39 > 0.99 260 5.56 

 

Table S 3. Results of the fit of stress relaxation data of NIPU-Sn. 

T (°C) τ* (s) β G0 (MPa) R² <τ> (s) ln <τ> 
140 1509 0.50 0.36 > 0.99 2996 8.00 
150 764 0.63 0.20 > 0.99 1088 6.99 
160 213 0.64 0.30 > 0.99 298 5.70 
170 95 0.64 0.35 > 0.99 132 4.88 
180 45 0.55 0.44 > 0.99 78 4.35 

 

Table S 4. Results of the fit of stress relaxation data of NIPU-Bi-Zn. 

T (°C) τ* (s) β G0 (MPa) R² <τ> (s) ln <τ> 
140 4279 0.54 0.56 > 0.99 7540 8.93 
150 1606 0.70 0.54 > 0.99 2029 7.62 
160 494 0.70 0.57 > 0.99 623 6.43 
170 126 0.69 0.66 > 0.99 162 5.09 
180 44 0.71 0.67 > 0.99 55 4.01 
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Scheme S 2. Mechanisms of dissociative or associative bond exchange in PU catalysed by (a) acids or (b) bases. 
Adapted from Bakkali-Hassani et al.10 
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Study of the recyclability of NIPU materials 

 

 

Figure S 19. Deconvolution of the C=O stretch region of the FTIR spectra of NIPU-Fe after each reprocessing cycle. 
Blue peaks are assigned to urethanes and orange peaks to ureas. 
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Figure S 20. Deconvolution of the C=O stretch region of the FTIR spectra of NIPU-TBD after each reprocessing cycle. 
Blue peaks are assigned to urethanes and orange peaks to ureas. 
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Figure S 21. Deconvolution of the C=O stretch region of the FTIR spectra of NIPU-Sn after each reprocessing cycle. 
Blue peaks are assigned to urethanes and orange peaks to ureas. 
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Figure S 22. Deconvolution of the C=O stretch region of the FTIR spectra of NIPU-Bi-Zn after each reprocessing cycle. 
Blue peaks are assigned to urethanes and orange peaks to ureas. 
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Figure S 23. Detail of the C=O stretch region of the FTIR spectrum of the lignin-based polyol. 

 

Table S 5. Assignments of the peaks used for the deconvolution of the C=O stretch region of the FTIR spectra, 
according to Jaques et al.11 

ν (cm-1) Assignments 
1705 – 1715 Free urethanes 
1695 – 1700 Disordered H-bonded urethanes 
1680 – 1685 Ordered H-bonded urethanes 
1655 – 1665 Free ureas 
1630 – 1635 Disordered H-bonded ureas 
1615 – 1625 Ordered H-bonded ureas 

 

 

 

Scheme S 3. Formation of ureas by cross-metathesis reaction of dimethyl carbamates, leading to the release of 
dimethyl carbonate. Adapted from Kébir et al.12 
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Scheme S 4. Potential mechanism for urea formation during materials reprocessing, involving a dissociative 
mechanism and the reaction of released isocyanates with residual moisture. 

 

 

Figure S 24. DSC curves of the NIPU materials after reprocessing: (a) NIPU-Fe, (b) NIPU-TBD, (c) NIPU-Sn and (d) 
NIPU-Bi-Zn. 
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Figure S 25. Evolution of (a) Tg (DSC) and (b) Tα (DMA) of the NIPU materials after reprocessing. 

 

 

Figure S 26. DMA curves of NIPU-Fe after reprocessing: (a) loss modulus G’’ and (b) tan δ. 

 

 

Figure S 27. DMA curves of NIPU-TBD after reprocessing: (a) loss modulus G’’ and (b) tan δ. 
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Figure S 28. DMA curves of NIPU-Sn after reprocessing: (a) loss modulus G’’ and (b) tan δ. 

 

 

Figure S 29. DMA curves of NIPU-Bi-Zn after reprocessing: (a) loss modulus G’’ and (b) tan δ. 

 

 

Figure S 30. Correlation between the area of the urea region measured by FTIR and (a) the storage modulus G’ at 60 °C 
measured by DMA and (b) the Young’s modulus measured by uniaxial tensile tests. 
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Figure S 31. Uniaxial tensile tests of the NIPU materials after several reprocessing cycles: (a) NIPU-Fe, (b) NIPU-TBD, 
(c) NIPU-Sn and (d) NIPU-Bi-Zn. 

 

 

Figure S 32. Evolution of the mechanical properties of the NIPU materials after several reprocessing cycles: (a) 
Young’s modulus, (b) tensile strength and (c) elongation at break. 
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Scheme S 5. Chemical recycling of the NIPU materials by methanolysis. 

 

 

Figure S 33. Thermal and thermo-mechanical properties of NIPU-Bi-Zn after chemical recycling: (a) DSC curves, (b) 
storage modulus G’, (c) loss modulus G’’ and (d) tan δ measured by DMA. 
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Figure S 34. (a) FTIR spectra of NIPU-Bi-Zn after chemical recycling. (b) Deconvolution of the C=O stretch region of the 
FTIR spectra of NIPU-Bi-Zn after chemical recycling. Blue peaks are assigned to urethanes and orange peaks to ureas. 
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