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General Methods and Information
Commercial Lignins

Indulin AT kraft lignin (softwood, Meadwestvaco, US) and soda lignin Protobind™ 1000 (mixed wheat
straw/Sarkanda grass, GreenValue S.A., Switzerland) were obtained from commercial sources.
BioChoice and RAIZ Eucalyptus kraft lignins were kind donations from UPM Biochemicals (Finland) and
the Forest and Paper Research Institute (RAIZ, Portugal), respectively. Alcell™ organosolv lignin (mixed
hardwoods; maple, birch and poplar) was obtained from Repap Technology, Canada. One organosolv
lignin was obtained from Sigma-Aldrich (product now discontinued) via Royal Dutch Shell (The
Netherlands).

Lignin Preparation Methods
A: Purification of Lignin

Kraft lignin was dissolved in acetone/water (8:2, 20 mL/g) and then added dropwise to rapidly stirring
water containing 0.02 M HCI (40 mL/g). The precipitated lignin was collected by filtration, washed
thoroughly with water and allowed to air dry to a constant weight. The dried filter cake was manually
ground in a pestle and mortar to give a fine powder, which was then rapidly stirred with Et,0 (20 mL/g)
for 1 h to remove extractives. The lignin was finally filtered and allowed to air dry to a constant weight.

B: Solvent Fractionation of Lignin (1)

Kraft lignin was extracted sequentially with mixtures of EtOAc/Et,O and/or EtOAc/MeOH and/or
Acetone/MeOH (20 mL/g) of increasing polarity, as specified in Table S1, by stirring for 1 h. The soluble
fractions were collected by centrifugation or filtration and concentrated in vacuo. The insoluble
material from each step was returned for the next extraction. The resulting powders were then wetted
with water to form a paste and allowed to air dry at 50 °C overnight. This was repeated 3 times to
eliminate traces of residual organic solvent from the lignin.

C: Lignin Fractionation (2)
Fractionation of technical lignins were performed according to previously reported methods.!
D: Ethanol Based Organosolv Lignin Extraction

This acid-catalysed, ethanol-based organosolv process was developed by the Energy Research Centre
of the Netherlands (ECN, now ECN part of TNO). The organosolv procedures and lignin isolation
methods have been reported in detail elsewhere.?™ In short, the following parameters were used: 190
°C, 60 min, H,S0, acidified, 60 wt% aqueous ethanol in a 20 L batch autoclave reactor (Blichi Glas Uster
AG, Switzerland). The specific biomass related process conditions were: Wheat Straw - <10 mm, 11
L/kg DM, 20 mM H,SO4; Spruce - <6 mm, 5 L/kg DM, 10 mM H,S0O,.

E: Dioxasolv Lignin

The dioxasolv procedure and lignin isolation methods have been reported in detail elsewhere.>®
Softwood and Brewer’s Spent Grain lignins (Entry 46 and 48, Table S1 respectively) were extracted
using the following parameters: 1 h reflux, 1,4-dioxane/water (9:1), 0.2 M HCl, 10 L/kg DM; Softwood
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lignin (Entry 47, Table S1) was extracted using the following parameters: 1 h reflux, 1,4-dioxane/water
(8:2), 0.1 M HCl, 10 L/kg DM.

F: 140 °C Ethanosolv Lignin

This organosolv procedure was the same as that reported for method D but with the following
parameters: 140 °C, 120 min, 60% w/w aqueous ethanol, 60 mM sulfuric acid and 10 L/kg DM.

G: 140 °C Acetone Lignin

This organosolv procedure and lignin isolation methods have been reported in detail elsewhere.” The
extraction used the following parameters: 140 °C, 60 min, 50% w/w aqueous acetone, 60 mM sulfuric
acid, 10 L/kg DM.

NMR Methods

High-field NMR spectra were acquired on a Bruker Avance Il 600 MHz spectrometer equipped with a
5 mm CPTCI H-3C/**N-2H cryogenic probe with z-gradients at 25 °C. *H-3C Heteronuclear single
guantum coherence spectroscopy (HSQC) spectra were recorded using either:

A: Bruker pulse program ‘hsqcetgpsp.3’ using the following parameters: acquired from 13 to -1 ppm
in F2 (*H) with 2048 data points, 160 to 0 ppm in F1 (*3C) with 256 increments with a 1 s interscan
delay (D1); cnst2 was set to 145 Hz.

B: Q-CAHSQC pulse program?® using the following parameters: acquired from 13 to -1 ppm in F2 (*H)
with 2048 data points, 160 to 0 ppm in F1 (*3C) with 128 increments with a 6 s interscan delay (D1);
cnst2 was set to 145 Hz.

In both cases the data was processed used Gaussian apodization (GB = 0.1, LB = 0.3 Hz) in F2 and
squared cosine-bell and one level of linear prediction (32 coefficients) in F1.

NOTE: The detailed structural characterization of some of the included lignins have been reported by
us previously. Where this is the case the references are given in Table S1. For this study the original
HSQC NMR spectra were reprocessed for internal consistency and all GPC measurements were re-run
to ensure an internally consistent data set.
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Table S1 GPC, 2D HSQC analysis and isolation methods of the calibration lignins. Entries marked with * were also used for the second, kraft-only analysis. Values >1 reported to 2 significant
figures, <1 reported to 1 significant figure.

OH OMe L
oM Q Qe PN
X o =
W ﬁ N ji?’ |
HO 'MeO HOMeO" 1 OH
B-O-4 B-O-4' B-5 SB5 SB1

Entry Lignin M. My Log(M.) Log(M) B-O-4 (i'_%':t' ) %’_%’_‘ZT B5 BP SB5 SBI Mpgtehpé ; M':'t\f‘i 4 Ref

1* Purified Indulin AT EtOAc (BNU)! 752 1093 2.9 3.0 11 0.0 11 05 11 93 35 A+B A

2% Purified Indulin AT 5% EtOAc/MeOH (BNU) 1086 1691 3.0 3.2 3.1 0.0 31 13 16 10 23 A+B A

3 Purified Indulin AT 10% EtOAc/MeOH (BNU) 1570 2579 3.2 3.4 5.2 0.0 52 25 20 93 13 A+B A

4 Purified Indulin AT 20% EtOAc/MeOH (BNU) 2069 4098 33 36 8.3 0.0 83 29 23 54 09 A+B A

5 Purified Indulin AT 30% EtOAc/MeOH (BNU) 2423 5999 34 38 101 0.0 10 38 25 59 06 A+B A

6* Purified Indulin AT 40% EtOAc/MeOH (BNU) 3367 10577 3.5 4.0 113 00 11 40 28 45 02 A+B A

7* Purified Indulin AT 100 %MeOH (BNU) 2508 9124 34 4.0 109 00 11 39 21 44 03 A+B A

8 Purified Indulin AT 1:1 Acetone/MeOH (BNU) 3192 16625 3.5 4.2 127 00 13 40 29 38 03 A+B A

9 Crude Indulin AT (BNU) 1085 4669 3.0 37 8.2 0.0 10 20 16 90 22 Commercial A

10 Purified Indulin AT (BNU) 1238 5703 3.1 38 6.5 0.0 86 21 15 71 19 A A

11* Purified Indulin AT SA31 EtOAc 829 1222 29 3.1 11 0.0 1.1 06 14 101 34 A+B A

12* Purified Indulin AT SA31 5% EtOAc/MeOH 1169 2016 3.1 33 3.4 0.0 34 14 17 82 12 A+B A

13* Purified Indulin AT SA31 10% EtOAc/MeOH 1743 2972 32 35 6.1 0.0 61 22 20 71 07 A+B A

14* Purified Indulin AT SA31 20% EtOAc/MeOH 2345 4951 3.4 3.7 8.8 0.0 88 30 22 65 05 A+B A

15* Purified Indulin AT SA31 30% EtOAc/MeOH 2831 7429 35 3.9 112 00 11 36 26 54 04 A+B A

16* Purified Indulin AT SA31 40% EtOAc/MeOH 4049 14771 36 4.2 120 00 12 43 28 34 00 A+B A

17* Purified Indulin AT SA31 1:1 Acetone/MeOH 5207 30649 3.7 45 130 00 13 42 27 28 00 A+B A

18 Indulin AT SA31 Purified 1264 6149 3.1 38 6.7 21 12 38 19 77 33 A A

19* Crude Indulin AT SA31 EtOAc 637 934 2.8 3.0 15 0.0 15 05 12 82 79 B A s
20* Crude Indulin AT SA31 5% EtOAc/MeOH 657 665 2.8 2.8 23 0.0 23 08 13 69 72 A s

sS4



21* Crude SA31 10% EtOAc/MeOH 799 1226 2.9 3.1 3.5 0.0 3.5 1.2 1.5 6.7 4.9 B A 9
22* Crude Indulin AT SA31 20% EtOAc/MeOH 1395 2135 3.1 3.3 6.9 0.0 6.9 2.0 1.8 5.2 2.0 B A 9
23* Crude SA31 30% EtOAc/MeOH 1939 3222 33 35 9.8 0.0 9.8 26 21 3.8 08 B A 9
24* Crude Indulin AT SA31 100 %MeOH 1960 4337 3.3 3.6 12 0.0 12 3.3 2.3 3.9 0.5 B A 9
25% Purified BioChoice EtOAc 981 1403 3.0 31 1.0 0.0 1.0 05 11 11 21 A+B A
26* Purified BioChoice Kraft 5% EtOAc/MeOH 1455 2436 3.2 3.4 2.6 0.0 2.6 14 14 75 10 A+B A
27* Purified BioChoice Kraft 10% EtOAc/MeOH 2173 3826 3.3 3.6 4.6 0.0 4.6 1.9 1.8 6.4 0.6 A+B A
28* Purified BioChoice Kraft 20% EtOAc/MeOH 2914 5796 35 3.8 5.6 0.0 5.6 22 17 56 04 A+B A
29* Purified BioChoice Kraft 30% EtOAc/MeOH 3658 10193 3.6 4.0 7.1 0.0 7.1 26 20 48 03 A+B A
30* Purified BioChoice Kraft 40% EtOAc/MeOH 4066 12425 3.6 4.1 7.4 0.0 7.4 29 22 48 0.3 A+B A
31* Purified BioChoice Kraft 1:1 Acetone/MeOH 4140 21959 3.6 43 9.3 0.0 9.3 32 25 40 03 A+B A
32 BioChoice Kraft 1384 5481 3.1 3.7 5.4 0.0 7.3 1.9 1.5 6.1 2.1 Commercial A
33 Purified BioChoice Kraft 1435 6216 3.2 3.8 4.1 0.0 1.2 4.1 13 1.4 8.2 A A
34 P1000 1005 3733 3.0 3.6 5.2 0.0 5.2 1.0 11 0.0 0.0 Commercial B 4
35 P1000 f1 685 1312 2.8 3.1 1.2 0.0 1.2 0.3 1.1 0.0 0.0 C B
36 P1000 2 1360 2508 31 34 5.8 0.0 5.8 10 11 00 0.0 C B
37 P1000 f3 1773 6747 3.2 3.8 12 0.0 12 1.6 1.1 0.0 0.0 C B
38 P1000 f4 1957 10728 3.3 4.0 12 0.0 12 1.8 1.5 0.0 0.0 C B
39 ECN High Temp Ethanol/Water Wheat Straw f1 788 1396 2.9 3.1 3.9 3.4 7.3 55 06 0.0 13 D+C B
40 ECN High Temp Ethanol/Water Wheat Straw 2 992 2194 3.0 3.3 6.3 4.1 10 66 08 00 05 D+C B
41 ECN High Temp Ethanol/Water Wheat Straw f3 1343 3253 3.1 3.5 11 4.5 15 56 0.7 0.0 0.0 D+C B
42 RAIZ Eucalyptus Kraft 50% EtOAc/Et,0 581 891 2.8 2.9 0.6 0.0 0.6 0.0 43 1.7 2.7 B A
43 RAIZ Eucalyptus Kraft EtOAc 920 1543 3.0 3.2 1.7 0.0 1.7 0.0 27 13 1.2 B A
44 RAIZ Eucalyptus Kraft 10% EtOAc/MeOH 1185 2386 3.1 3.4 5.5 0.0 5.5 0.3 3.6 1.7 1.4 B A
45 RAIZ Eucalyptus Kraft MeOH 1486 5503 3.2 3.7 9.8 0.0 9.8 05 40 14 10 B A
46 Dioxasolv Softwood 1741 5257 3.2 3.7 26 0.0 26 55 39 00 00 E B 10
47 Dioxasolv Softwood 2301 4462 3.4 3.6 31 0.0 31 100 2.0 0.0 0.0 E A it
48 Dioxasolv Brewer's Spent Grains 1937 5680 33 3.8 34 0.0 34 76 27 00 0.0 E B 10
49 Alcell 985 3991 3.0 3.6 7.2 2.3 9.5 1.7 28 00 0.0 Commercial B 4
50 Sigma-Aldrich Organosolv 1158 6999 3.1 3.8 9.6 0.0 9.6 08 04 00 0.0 Commercial B
51 ECN High Temp Ethanol/Water Spruce 985 2225 3.0 3.3 1.9 2.3 4.1 5.5 1.2 0.0 0.0 D B 4
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52 ECN Low Temp Ethanol/Water Wheat Straw 1149 3350 3.1 3.5 9.2 12.0 21.3 54 12 00 00 F B
53 ECN Low Temp Ethanol/Water Pine 1239 4152 3.1 3.6 6.9 15.2 22.1 7.4 1.4 0.0 0.0 F B
54 ECN Low Temp Acetone/Water Wheat Straw 1340 5232 3.1 3.7 13.7 0.0 13.7 4.5 14 0.0 0.0 G B

lal Batch Number Unknown (BNU) - a sample of Indulin AT kraft lignin for which we do not have a batch number, however, it is very similar to a lignin with batch number RF23 (data not
shown).

Table S2 31P NMR analysis of a selection of the calibration lignins in mmol/g (of dry lignin). Values >1 reported to 2 significant figures, <1 reported to 1 significant figure.

Entry Lignin Aliphatic OH  5-substituted ArOH  Guaiacyl ArOH  p-Hydroxy ArOH  Total ArOH Total COOH Ref.
1 P1000 f1 0.7 2.0 1.0 0.5 3.5 0.9
2 P1000 2 1.1 1.8 0.7 0.3 2.7 0.7
3 P1000 f3 1.2 1.4 0.5 0.2 2.1 0.6
4 P1000 f4 1.3 1.3 0.5 0.3 2.1 0.6
5 High Temp Ethanol/Water Wheat Straw f1 1.0 11 1.0 0.4 2.6 0.2
6 High Temp Ethanol/Water Wheat Straw 2 1.3 1.2 0.9 0.4 2.5 0.1
7 High Temp Ethanol/Water Wheat Straw f3 1.4 11 0.7 0.3 2.1 0.2
8 RAIZ Eucalyptus EtOAc 0.5 2.3 0.6 0.0 2.8 0.4
9 RAIZ Eucalyptus 10% EtOAc/MeOH 0.6 13 0.3 0.0 1.6 0.2
10 RAIZ Eucalyptus MeOH 0.7 0.7 0.3 0.0 1.0 0.3
1 Crude Indulin AT SA31 EtOAc 1.0 1.5 2.2 0.2 3.8 0.7 s
12 Crude Indulin AT SA31 5% EtOAc/MeOH 1.3 1.7 2.4 0.2 4.4 0.6 s
13 Crude SA31 10% EtOAc/MeOH 1.4 1.7 2.2 0.2 4.1 0.5 s
14 Crude Indulin AT SA31 20% EtOAc/MeOH 1.5 1.6 1.7 0.2 3.5 0.4 s
15 Crude SA31 30% EtOAc/MeOH 1.9 1.5 1.6 0.2 3.3 0.4 °
16 Crude Indulin AT SA31 100 %MeOH 2.0 1.4 1.3 0.2 2.9 0.3 s
17 Alcell 1.0 1.7 0.6 0.1 2.4 0.2 4
18 Sigma-Aldrich Organosolv 1.4 0.9 0.7 0.6 2.3 1.4
19 ECN Low Temp Ethanol/Water Wheat Straw 2.3 0.9 0.6 0.3 1.9 0.3
20 ECN Low Temp Ethanol/Water Pine 2.6 0.7 1.0 0.1 1.8 0.1
21 ECN Low Temp Acetone/Water Wheat Straw 1.8 0.8 0.6 0.3 1.7 0.5
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Table S3 Optimisation of PLS modelling pre-processing parameters

Entry Property Spectral Range (cm'1) Pre-processing Num.LVs RMSEC RMSECV Bias CVBias R2Cal RZCV
1 4000-600 5 466 564  6.8E-13 12 0.80 0.71
2 4000-600 1st derivative 6 343 480 0 47 0.89 0.79
3 Mn 4000-600 2nd derivative 6 263 507 -6.8E-13 13 0.94 0.76
4 2000-750 5 471 571 0 19 0.79 0.70
5 2000-750 1st derivative 7 261 401 -4.5E-13 37 0.94 0.85
6 4000-600 9 0.046 0.075 4.4E-16 0.00044 096 0.90
7 4000-600 1st derivative 8 0.034 0.061 4.4E-16  0.0049 0.98 0.93
8 Log(Mn)  4000-600 2nd derivative 6 0.035 0.069 -8.9E-16  0.0051 0.98 0.91
9 2000-750 6 0.062 0.089 0 0.0086 093 0.85

10 2000-750 1st derivative 7 0.034 0.059 -1.8E-15  0.0081 098 0.94
11 4000-600 5 3529 4176  1.8E-12 208 0.57 0.42
12 4000-600 1st derivative 5 2851 4013 -2.7E-12 126 0.72 0.49
13 Muw 4000-600 2nd derivative 6 2096 4444  9.1E-13 -72 0.85 0.38
14 2000-750 4 3670 4128  9.1E-13 202 0.54 0.43
15 2000-750 1st derivative 10 1499 3015 -9.1E-13 243 0.92 0.70
16 4000-600 5 0.14 0.17 -8.9E-16  0.0088 0.86 0.78
17 4000-600 1st derivative 7 0.080 0.13 -4.4E-16  0.0087 095 0.88
18 Log(Mw)  4000-600 2nd derivative 6 0.077 0.17 1.3E-15 0.0012 0.96 0.79
19 2000-750 5 0.14 0.17 -8.9E-16  0.0088 0.86 0.78
20 2000-750 1st derivative 6 0.091 0.13 -4.4E-16  0.0029 0.94 0.88
21 4000-600 4 2.2 2.8 0 -0.19 090 0.84
22 4000-600 1st derivative 4 1.8 2.9 0 -0.030 094 0.84
23 p-O-4*  4000-600 2nd derivative 6 1.2 35 1.8E-15 -0.048 097 0.76
24 2000-750 4 2.2 2.7 5.3E-15 -0.12 0.91 0.86
25 2000-750 1st derivative 4 1.8 2.8 1.8E-15 -0.019 0.94 0.85
26 B-5 4000-600 5 0.80 1.1 0 0.028 0.86 0.74
27 4000-600 1st derivative 5 0.67 1.1 0 0.050 090 0.74
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28 4000-600 2nd derivative 5 0.61 1.2 0 -0.022 092 0.68
29 2000-750 5 0.73 1.1 -4.4E-16 0.071 0.88 0.73
30 2000-750 1st derivative 4 0.74 1.1 0 0.035 0.88 0.75
31 4000-600 4 0.46 0.55 0 -0.018 0.70 0.58
32 4000-600 1st derivative 6 0.30 0.56  2.2E-16 -0.059 0.87 0.59
33 B-p 4000-600 2nd derivative 6 0.26 0.61 2.2E-16 -0.0074 090 0.51
34 2000-750 4 0.45 0.54 6.7E-16 -0.019 0.72  0.59
35 2000-750 1st derivative 5 0.33 0.53 2.2E-16 -0.048 0.85 0.61

a Total quantity of 3-O-4 motifs defined as 3-0-4 + 3-O-4’ (i.e. a-OH + a-OEt) - a-OEt results from exchange of the (benzylic) a-OH in the 3-O-4 unit under acidic organosolv pulping conditions
in the presence of EtOH.

Table S4. Results of partial least-squares (PLS) regression between hydroxyl group content as determined by 3P NMR GPC and the ATR-FTIR spectra. A spectral range of 750-2000 cm! was
used together with 15t derivative pre-processing.

Entry  Unit Num.LVs Range RMSEC RMSECV Bias CVBias R2Cal R2CV
1 Aliphatic OH 4 2.1 0.12 0.22 2.22E-16  0.0038 0.96 0.84
2 5-Substituted ArOH (Gcong. + S) 4 15 0.19 0.41 2.22E-16 0.059 0.79 0.17
3 Guaiacyl OH 5 2.2 0.059 0.17 2.22E-16 0.024 0.99 0.93
4  Total Phenols (inc. H) 3 3.4 0.28 0.49 0 0.056 0.89 0.70
5 Total COOH 6 1.3 0.048 0.13 0 -0.0026 097 0.80
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Table S5. GPC, 2D HSQC analysis and isolation methods of the set of lignins used for validation of the PLS model.

Validation Lignin Mn  Mw  Logn(M,) Logio(Ms) PB-O-4 PB-5 BB SB5 SBL Mpgtehp(; ;

Purified Indulin AT EtOAc (BNU) 730 1243 2.9 3.1 1.5 0.7 11 94 46 A+B
Purified Indulin AT 5% EtOAc/MeOH (BNU) 966 1817 3.0 33 33 12 15 97 20 A+B
Purified Indulin AT 10% EtOAc/MeOH (BNU) 1594 2940 3.2 3.5 5.5 22 19 79 11 A+B
Purified Indulin AT 20% EtOAc/MeOH (BNU) 1879 4185 33 3.6 8.5 30 21 45 0.9 A+B
Purified Indulin AT 30% EtOAc/MeOH (BNU) 2127 5683 3.3 3.8 9.6 35 23 51 04 A+B
Purified Indulin AT 40% EtOAc/MeOH (BNU) 2388 8527 3.4 3.9 128 42 28 41 05 A+B
Purified Indulin AT 1:1 Acetone/MeOH (BNU) 2275 14403 3.4 4.2 121 36 24 32 03 A+B

Table S6. Results measured by GPC and HSQC NMR and predicted by the PLS model for the validation set of kraft lignins. Predicted values are an average of two ATR-FTIR measurements.
Meas. = measured, Pred. = predicted.

Acetone/
MeOH

0% 5% 10% 20% 30% 40% 50%

Property EtOAc/MeOH

Meas. 285 3.03 316 331 339 3.43 3.38ll

Log(Mn)
Pred. 284 3.05 320 334 344 352 3.57
Meas. 3.05 3.27 343 364 391 4.03 4.16]
Log(Mw)
Pred. 298 321 340 363 385 4.04 4.37

lal sample not fully soluble in THF after acetylation and values most likely underestimated with respect to the whole sample.
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Table S7. Results of partial least-squares (PLS) regression between molecular weight and inter-unit abundances determined by GPC and 2D HSQC NMR for the 28 kraft lignin samples and their
ATR-FTIR spectra using 1st derivative pre-processing, with and without baseline correction. Values reported to 2 significant figures.

With Baseline Correction Without Baseline Correction

Entry Unit Range Num. LVs

RMSEC RMSECV RMSEC RMSECV
2 Log(M,) 0.91 5 0.025  0.046 0.025 0.047
4 Log(My) 1.7 6 0.039  0.097 0.040 0.098
5 B-0-4 12 6 0.25 0.46 0.25 0.46
6 B-5 3.8 6 0.095  0.18 0.095 0.17
7 B-B 1.8 3 0.13 0.19 0.13 0.19
8 SB5 8.0 3 0.79 1.0 0.79 1.0
9 sB1 7.9 5 0.26 0.48 0.25 0.48
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Figure S1. Comparison of PCA analysis a) without 1st derivative pre-processing and b) with 1st derivative pre-processing. The labels on b) correspond to the lignin entries in
Table S1. The shaded areas are for illustrative purposes only.
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Figure S3. The regression vectors associated with PLS models reported in Table 2: a) My; b) Log(M,); ¢) Mu; d) Log(Mu) e) B-
0-4; f) B-5; g) B-P; h) SB5; i) SB1 content and j) dispersity.
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