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23 1. Figures and tables
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25  Figure S1. Major intrinsic chromophores in lignin are responsible for its native coloration.
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27 Figure S2. Structural confirmation of BI-M formation. a)scheme of reaction, b)'H NMR spectra,
28 ¢) BCNMR of M and BI-M in DMSO-ds, d) HRMS (EST*) of BI-M showing the diagnostic [M+H]*
29 ion at m/z 555.2138 with the expected isotopic pattern. e-f) 2D HSQC spectra of M and BI-M
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33 Figure S3. 'H NMR of M modified by HEIL, PEIL, HI, 2,6-DMPIC, and ICCH
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35 Figure S4. 3C NMR NMR spectrum of M by HEI, PEI, HI, 2,6-DMPIC, and ICCH
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Figure S5. 2D HSQC NMR spectrum of M modified by (a) BI, (b) HEI, (c¢) PEIL, (d) HI, (e) 2,6-
DMPIC, and (f) ICCH
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46 gure S7. The process flowchart of CL modified by isocyanates.
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Figure S8. (a) The yield of residue under different conditions, (b) the FITR of CL, BI, residue, and
BI-CL (1:4.5,1:100), and (c) 2D-HSQC of residue (1:4.5,1:100)
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Figure S9. (a) The yield of products with different ratios of C-lignin (CL) to solvent at CL:

BI=1:1.5, (b) the yield of products under different CL: BI ratio at CL: Sol =1:100 (c) the yield of

BI-CL (BI-CL/BI, %), and (d) the lightness (L*) and yield (Y) of the samples.
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Figure S10. 2D HSQC NMR spectrum of CL modified by (a) BI, (b) HEI, (c) PEL (d) HI, (e) 2,6-
DMPIC, (f) ICCH

62 Figure S11. FTIR of (a) HEI, BI, PEI, HI, 2,6-DMPIC, and ICCH
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Figure S12. a) UV—vis and b) EPR spectra of M and BI-M recorded under identical
conditions. BI-M exhibits a modest reduction in long-wavelength absorption and

radical intensity relative to M.
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Figure S13. Water contact angel of CL, HEI-CL, BI-CL, PEI-CL, HI-CL, 2,6-DMPIC-CL, and

ICCH-CL.
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89 Figure S15. DSC of CL, HEI-CL, BI-CL, PEI-CL, HI-CL, 2,6-DMPIC-CL, and ICCH-CL
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Figure S14. TG/DTG of CL, HEI-CL, BI-CL, PEI-CL, HI-CL, 2,6-DMPIC-CL, and ICCH-CL.
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91 Figure S16. TG of corresponding films made by modified BI-CL mixing with different plastics and
92 plastics alone.
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95 Figure S17. (a) The strain and stress curve of LDPE/BI-CL with different lignin content, and (b)
96 the transmittance of LDPE/BI-CL with different lignin content in the visible light region (400-
97 800 nm).
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101 Table S1. NMR data for the signal assignments in C-lignin derivatives in DMSO-d,.

102
103
104
105

Label d¢c/dy (ppm) Assignment
I, 75.4/4.83 C,-H, in benzodioxane substructures (I)
I 77.9/4.06 Cg-Hy in benzodioxane substructures (I)
L, 59.9/3.34-3.55 Cy-Hy in benzodioxane substructures (I)
L, 15, I 115.8/6.77, 116.5/6.95, Cy-H,, Cs-Hs, Cs-He, in catechol units (T)
118.6/6.70, 120.4/6.95
45.1/4.23 Benzyl group in y-isocyanate-functionalized
: benzodioxane substructures
126.7-128.5/7.27-7.31 Benzyl group in y-isocyanate-functionalized
2 benzodioxane substructures
3 40.3/3.18 Heptyl group in y-isocyanate-functionalized
benzodioxane substructures
4 22.7-31.8/1.26-1.50 Heptyl group in y-isocyanate-functionalized
benzodioxane substructures
5 14.1/0.88 Heptyl group in y-isocyanate-functionalized
benzodioxane substructures
6 39.9/3.03 Phenethyl group in y-isocyanate-functionalized
benzodioxane substructures
7 35.0/2.74 Phenethyl group in y-isocyanate-functionalized
benzodioxane substructures
8 125.9-128.6/7.19-7.25 Phenethyl group in fy-isocyanate-functionalized
benzodioxane substructures
9 40.3/3.18 Hexyl group in y-isocyanate-functionalized
benzodioxane substructures
10 14.1-29.6/0.88-1.50 Hexyl group in y-isocyanate-functionalized
benzodioxane substructures
11 17.6-21.6/2.16-2.24 2,6-Dimethylphenyl group in y-isocyanate-
functionalized benzodioxane substructures
12 126.2-143.4/6.95-7.15 2,6-Dimethylphenyl group in y-isocyanate-
functionalized benzodioxane substructures
13 43.8/2.88 Cyclohexyl group in y-isocyanate-functionalized
benzodioxane substructures
14 25.5-37.8/1.46-1.62;1.38-1.44

Cyclohexyl group in y-isocyanate-functionalized

benzodioxane substructures
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118
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130
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139
140

Table S2. The yield of residue and modified CL by six isocyanates

Tabl
e S4.
The
hydr
oxyl
grou

conte
nts of
CL,
HEI-
CL,
BI-

Modified CL Residue Modified CL
BI-CL 0.0421 0.167
HEI-CL 0.0688 0.111
PEI-CL 0.0285 0.154
HI-CL 0.0327 0.163
2,6-DMPIC-CL 0.078 0.117
ICCH-CL 0.0241 0.158
CL 0.0421 0.167
Table S3. The hydroxyl group contents of CL, BI-CL under different CL: BI ratios (millimoles per
gram)
L BI Aliphatic- COOH Catechol-OH Total
OH a b c Catechol-OH
1:1.5 0.64 0.30 0.09 0.06 0.04 0.19
1:3 0.53 0.39 0.01 0.08 0.08 0.17
1:4.5 0.30 0.01 0.01 0.05 0.02 0.08
1:6 0.28 0.38 0.02 0.08 0.28 0.38
CL 8.36 0.26 - 3.09 2.70 5.79
CL, PEI-CL, HI-CL, 2,6-DMPIC-CL, and ICCH-CL (millimoles per gram)

Catechol-OH

Modified cL  Aliphatic- cqqy Total
OH a b c Catechol-OH
HEL-CL 1.09 0.01 006 019 049 0.74
BI-CL 0.30 0.01 002 008 028 0.08
PEL-CL 0.48 : 004 002 040 0.46
HI-CL 0.53 0.10 033 028 009 0.70
26-DMPIC-CL  1.48 0.15 047 005 0.4 0.66
ICCH-CL 121 0.01 004 009 011 0.24
CcL 8.36 0.26 : 309 270 5.79

141 Table S5. APC spectra of different CL samples
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142
143
144
145
146
147
148
149
150
151
152
153
154
155

156
157
158
159

160
161
162
163
164
165

Sample Product M,, (Daltons) M, (Daltons) PDI
CL - 3164 2475 1.28
Residue 3401 3392 1.20
HEI-CL
Product 2799 2463 1.14
Residue 4293 3991 1.18
BI-CL
Product 1817 1756 1.03
Residue 3818 3715 1.17
PEI-CL
Product 2202 2067 1.07
Residue 4036 4153 1.16
HI-CL
Product 2547 2296 1.11
Residue 3711 3651 1.21
2,6-DMPIC-CL
Product 2361 2157 1.09
Residue 3916 3617 1.27
ICCH-CL
Product 2751 2255 1.22
Sample L a" b* AE
Standard 8.83 -1.53 1.32 -
CL 49.31 6.79 17.22 43.40
CL1.5BI 87.14 2.28 15.56 14.84
CL3BI 89.84 1.39 7.88 7.25
CL4.5BI 92.67 0.35 9.17 8.94
CL6BI 92.87 1.03 7.76 8.02
CLSol160 72.10 5.13 25.32 30.00
CLSol80 82.50 3.28 17.81 18.31
CLSol100 87.14 2.28 15.56 14.84
Table S6. The hydrophobicity of isocyanates
Solvent  XLogP3 iLab2.0  SILICOS-IT MolSoft ChemDraw LogP
2,6-DMPIC  4.06 4.12 3.94 4.18 3.98 4.08
PEI 3.46 3.51 3.38 3.55 3.42 3.50
HEI 3.48 3.52 3.61 345 3.39 349
HI 3.01 3.03 3.11 2.98 2.95 3.02
BI 2.78 2.84 2.92 2.81 2.73 2.81
ICCH 2.71 2.78 2.85 2.69 2.66 2.74

13



166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

188
189

CLSol120 87.72 1.92 14.36 13.53
BI-CL 92.67 0.35 9.17 8.94
HEI-CL 78.53 3.55 14.73 17.66
PEI-CL 89.24 0.75 12.41 11.33
HI-CL 75.49 4.43 29.38 31.64
2,6-DMPIC-CL 71.68 5.30 18.80 25.42
ICCH-CL 76.97 5.02 18.56 21.93
Table S7. L* a* b*(CIELAB) color space of different CL derivatives
Table S8. L* a* b*(CIELAB) color space of previous work
Lignin type Whitening Strategy L* AE  Ref.
1 88.6 1.27
2 Kraft lignin Isocyanate modification 89.72 1.82 W
3 88.59 1.46
4 82.48 50.8
5 Kraft lignin Isocyanate modification 74.13  21.5 2]
6 70.41 28.8
7 779 292
8 Kraft lignin Isocyanate modification 78.1 274 Bl
9 76.6 282
Lignin-first strate
10 Biomass-derived lignin g & 7153 265 W

14



190
191
192
193
194
195
196
197
198
199
200
201
202

203

Ultrasound-assisted ethanol

11 Ethanol-extracted lignin . 65.63 437 B
extraction
12 Alkali lignin Nanoparticle formation 51.01 445 @
13 Kraft/Organosolv Morphology control 49.03 294 O
14 71.6 355
15 Various lignins Structural analysis study 66.8 36.8 [8
16 55.1 478
17 Kraft lignin Microsphere fabrication 61.68 368 [
18 Organosolv lignin Cosolvent fractionation 37.69 63.81 [0
19 DES lignin Ternary DES extraction 62.96 33 (L]
Formic acid/phenol
20 o FA/phenol + ultrasound 80.2 293 [
lignin
21 Modified lignin a-carbon methoxy 73.0 252 03
substitution
22 Pine lignin Phenolation + p-TsOH 723 164 D4
23 Bamboo lignin p-TsOH + THFA 86.1 192 03
24 Ultrafiltration lignin Membrane fractionation 85.02 189 Ud
25 DES lignin Controlled depolymerization 883 3.86 17
26 Catechyl lignin Isocyanate modification 79.54 123 08
Table S9. Summary of trend-level correlations across multi-modal characterization.
Nature of
Category Parameter Measurement Trend .
Evidence
Chemical conversion Hydroxyl consumption 3IP NMR 1 Direct
Radical signature EPR intensity EPR (DI) l Direct
Electronic absorption 400-600 nm area UV-vis l Direct
Emissive states PL intensity PL l Direct
) ) CIELAB color )
Optical property L i Direct
space
Optical stability Radical growth (in situ) UV-EPR l Direct

15



Nature of
Category Parameter Measurement Trend Evid
vidence

Interfacial modulation Hydrophobicity Contact angle 1 Supporting

204
205
206 Table S10. The transmittance and haze of films produced by the previous work
207

Transmittance (%) Haze (%) Ref.
1 92.24 13 (19
2 78 22 (20]
3 80 32 (21]
4 43 30 22]
5 49 35 (23]
6 68 28 (24]
7 62 30 (23]
8 70 13 26]
9 85 64.4 (27]
10 72 69 (28]
11 85 93 (29]
12 75 70 130]
13 78 62 (31]
14 59 97 (32]
15 44 65 (331
16 87 50 Our work
17 83 65 Our work
18 80 80 Our work
19 78 90 Our work

208
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