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The Lignin Platform: Dealing With Structural Complexity

• There is no such thing as lignin 

In planta lignins Technical lignins

From Ralph, Lapierre, Boerjan Curr. Opin. Biotechnol 2019, 56, 240



The Lignin Platform: Dealing With Structural Complexity

• What is it we seek to know?

• In planta lignin structure elucidation
• Species/mutation dependent variation
• Valorization opportunities

• Technical lignin structure elucidation
• Biorefinery operation dependent variation
• Valorization opportunities



The Lignin Platform: Dealing With Structural Complexity

• What is it we seek to know?
• Monomer/pendant composition 
• Connectivity: linkages within and to other 

components in the matrix
• Functional group type and density
• Macromolecular properties: 

shape/aggregation/molecular weight

• Comprehensive approach to lignin structure 
analysis needed

• No single technique suffices
• NMR is arguably the most powerful one 

though, when it comes to obtaining 
structural information



Lignin NMR 

• NMR is arguably the most powerful one 
though, when it comes to obtaining 
structural information



(Lignin) NMR 

+



Lignin NMR 

+



Lignin NMR: Opportunities Abound 

• 1D 1H and (quantitative) 
13C NMR

• Multidimensional NMR: 
TOCSY, HSQC(0), HMBC, 
HSQC-TOCSY, ….

• Heteronuclear NMR: 31P, 
19F, …
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1D Lignin NMR: Limited Resolution Yet Quantitative

• (quantitative) 13C NMR: 
powerful and historically 
important tool for lignin 
analysis

• Quantitative analysis of –OMe, -OH, -
COOR, S/G, ArH, beta-O-4

• Semi-quantitative analysis of various
linkages, degree of condensation, 
saturated aliphatics, etc. 

• See e.g. Balakshin, Capanema RSC Adv., 2015, 5, 87187; 
Balakshin et al. Green Chem 2020, 22, 3985; Sun, Materials
2013, 13, 6



Multidimensional Lignin NMR: Opportunities Abound 

• Multidimensional NMR: 
COSY, TOCSY, HSQC(0), 
HMBC, HSQC-TOCSY, etc, 
etc ….
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• HSQC is the current go-to method for lignin structure 
analysis; excellent for fingerprinting

• Combinations of 2D NMR spectra and model compound 
spectra provide a redundancy of information and allow 
for unambiguous peak/structure assignments

• Spectra can be multiplicity edited (i.e. distinguish 
CH/CH3 and CH2 contours)

• Not limited to 2D: e.g. 3D HSQC-TOCSY 

• Note quaternary carbons cannot be identified by HSQC 



Lignin NMR: HSQC 

• Allows the ratio of S/G/H to be determined (be
careful with H), using S2/6, G2 and H2/6

• Allows the linkage abundance to be semi-
quantitatively determined (beware of 
quantification limitations)

• Allows identification of end-units/pendants; 
quantification of mobile pendants (e.g. p-
coumarates, p-hydroxybenzoates) is overestimated
due to differences in relaxation times

• Check your spectra carefully against the abundant 
literature

Lauwaert, Lancefield, Bruijnincx, Verberckmoes et al. Sep. Purif. Technol. 2019, 221, 226



Lignin NMR: HSQC 

• Quantification is made difficult by the heterogeneous
nature of lignin (resulting in difficulties in dealing with
differences in T2 relaxations, resonance offsets, 
coupling constant deviations, homonuclear couplings)

• Methods for (semi-)quantification: 

• Relative quantification based on HSQC without IS
IX(%) = IX / (IA + IB + IC + …) x 100%

• Semi-quantification based on HSQC with IS 
(aromatics)

IC9 = 0.5*IS2,6 + IG2 + 0.5*IH2,6 

IX(%) = IX / IC9 x 100%

• Quantification based on 13C and HSQC



Lignin NMR: HSQC 

• Check your spectra carefully against the abundant 
literature

Smit, Riddell, Bruijnincx et al. ACS Sustainable Chem. Eng. 2022, 10,  6012



Biorefineries typically produce technical lignins

• Structure invariably altered by 
biomass pretreatment

• Structure is changed considerably 
and in different ways

• Know your lignin: extensive 
analysis is required

!



Biorefineries typically produce technical lignins

!

Rinaldi, Ralph, Bruijnincx, Weckhuysen et al. Angew. Chem. Int. Ed. 2016, 55, 8164

• HSQC is ‘blind’ to much of the structure



Kraft lignin: a case in point

• The actual structure of the technical lignins is 
(in most cases) largely unknown

Kraft lignin

û60 mta produced per year
û<20% assigned by HSQC
ûIncreased complexity
ûMore C-C bonds and phenols

ISSN 2041-6539

rsc.li/chemical-science

Chemical
Science

EDGE ARTICLE
Pieter C. A. Bruijnincx et al.
Identifi cation of a diagnostic structural motif reveals a new reaction 
intermediate and condensation pathway in kraft lignin formation

Volume 9 Number 30 14 August 2018 Pages 6317–6454

Lancefield, Bruijnincx et al., Chem. Sci. 2018, 9, 6348

See also: Crestini , Argyropoulos Green Chem. 2017, 19, 4104



Kraft Lignin: Structure Elucidation by NMR

§ Quantification by HSQC accounts for up to ~40% of the aromatic units in kraft lignin
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Kraft Lignin: Structure Elucidation by NMR8.0 7.5 7.0 6.5 6.0 5.5
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Lancefield, Bruijnincx et al., Chem. Sci. 2018, 9, 6348

§ Insight into the chemistry of kraft pulping



Authentic Model Compounds are Key 8.0 7.5 7.0 6.5 6.0 5.5
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Deuss et al. Chemsuschem 2020, 13, 4238
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§ Access to high fidelity model compounds have been key to understanding lignin structure



Fractionation Aids Quantification and Structure Elucidation

§ Fraction analysis improved HSQC linkage quantification
§ large MW range and high polydispersity: Relaxation 

characteristics of polymers means quantitative analysis is 
biased toward low MW components (even with Q-HSQC)
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Fractionation Aids Quantification and Structure Elucidation

• Bias in HSQC NMR experiments can be significant, 
but does not affect overall balance of assignment 
~40%.
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• Native overestimated, end groups underestimated, 
kraft derived underestimated



NMR of Model Compounds: New Insights from Synthetic Kraft Lignin

§ What about the other 60% of kraft lignin?

§ Only ~15% b-O-4 linkages or derived products, i.e. ~45% still missing. 

Phenol Content ~20%
No Guaiacol Released
High Molecular Weight

• Identical reactive intermediates 
from lignin and lignin model 
compounds



23

Kraft conditions = 0.25 M Na2S, 0.12 M NaOH, H2O, 170 °C, 2 hours. 

New Insights from Synthetic Kraft Lignin: Dimers

§ Dimers and polymers mimic kraft chemistry remarkably well 

Early Stage Late Stage
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Kraft conditions = 0.25 M Na2S, 0.12 M NaOH, H2O, 170 °C, 2 hours. 

New Insights from Synthetic Kraft Lignin: Dimers

§ Dimers and polymers mimic kraft chemistry remarkably well 
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New Insights from Synthetic Kraft Lignin: Dimers

Kraft conditions = 0.25 M Na2S, 0.12 M NaOH, H2O, 170 °C, 2 hours. 

§ Dimers and polymers mimic Kraft chemistry remarkably well
§ Coniferyl alcohol cannot account for all condensation



Kraft Lignin: A Synthetic Chemist’s Approach
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§ Structural insight from smallest Mw fraction: new lactone isolated

§ Lactone revealed a new mechanism of condensation
Lancefield, Bruijnincx et al., Chem. Sci. 2018, 9,  6348



Kraft Lignin: A Highly Diagnostic New Linkage

§ A minor, new lactone linkage is highly diagnostic of a new homovanillin condensation pathway



Kraft Lignin: A Highly Diagnostic New Linkage

§ This lactone is detected in all Kraft lignins analyzed; mechanism is generally applicable



Labeled Model Compounds: The Fate of the Other b-
O-4s

§ b- and g-carbon labels end up in >150 unique new chemical environments

§ Fate of the b-O-4 seems intractible: another way in which Kraft lignin is recalcitrant
Lancefield, Bruijnincx et al., Chem. Sci. 2018, 9, 6348
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The Lignin Platform: Dealing With Structural Complexity

• What is it we seek to know?

• In planta lignin structure elucidation
• Species/mutation dependent variation
• Valorization opportunities

• Technical lignin structure elucidation
• Biorefinery operation dependent variation
• Valorization opportunities



Lignin NMR: HSQC of whole biomass 

Daly, Lancefield, Bruijnincx, de Vries et al. Environ Microbiol 2018, 20, 4141

• Wood degradation by D. Squalens (white rot fungi)



Lignin NMR: HSQC of whole biomass 

• Isolate the lignin by
enzymatic treatment using
cellulase/hemicellulase
cocktail

• Measure solution HSQC 
NMR

• Difference spectra provide
insight into the complexity Daly, Lancefield, Bruijnincx, de Vries et al. Environ Microbiol 2018, 20, 4141



Lignin NMR: HSQC of whole biomass 

• Directly measure the
whole biomass sample by
gel-state whole cell wall
HSQC NMR

Daly, Lancefield, Bruijnincx, de Vries et al. Environ Microbiol 2018, 20, 4141



Lignin NMR: HSQC of whole biomass 

Daly, Lancefield, Bruijnincx, de Vries et al. Environ Microbiol 2018, 20, 4141



Lignin NMR: HSQC of whole biomass 

Mansfield, Ralph, Nat Prot 2012, 7, 1579

• Collect biomass sample, remove extractives by
solvent wash; dry

• Ball mill

• Dissolve milled cell wall material in d6-DMSO/d5-
py (4:1) to give a uniform gel for NMR analysis

• Run your HSQC



Lignin NMR: HSQC of lignin-derived product mixtures

• Lignin derived products (e.g. From pyrolysis, RCF, 
liquifaction, etc) are complex

• Extensive characterization is again required

Sels  et al. Curr. Opin. Biotechnol. 2019, 56, 193 

Sels  et al. Chem. Sci. 2020, 11, 11498



The Lignin Platform: Dealing With Structural Complexity

• What is it we seek to know?

• In planta lignin structure elucidation
• Species/mutation dependent variation
• Valorization opportunities

• Technical lignin structure elucidation
• Biorefinery operation dependent variation
• Valorization opportunities



Lignin NMR: Opportunities Abound 

• Heteronuclear NMR: 31P, 
19F, …

• Structure analysis: functional groups

• (Mw-dependent) insight into functional group 
density and type is essential for (mechanistic) 
understanding of lignin formation and 
properties and to guide further valorization
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(Lignin) NMR: 31P NMR 

• Structure analysis: functional groups

HO

O

O
OH

HO

HO

O

O

OH

OHO

Nat Prot 2019, 14, 2627



(Lignin) NMR: 31P NMR 

Very versatile method; examples of analysis of 
whole biomass, pyrolysis oils, tannins, LCCs

• Pyridine/CDCl3 (1.6/1)
• TMDP
• Cr(acac)3 as relaxation agent
• IS: NHND, cholesterol, cyclohexanol, …
• Little sample is needed and acquisition is 

relatively fast

Crestini, Ragauskas, Argyropoulos et al. Nat Prot 2019, 14, 2627



(Lignin) NMR: 31P NMR 

• Structure analysis: functional groups

Crestini, Ragauskas, Argyropoulos et al. Nat Prot 2019, 14, 2627
Indulin AT (Lancefield, Bruijnincx et al. Chem Sci 2018) 



(Lignin) NMR: 31P NMR 

• Structure analysis: functional groups

• Reproducibility needs careful attention (error bars 
vary from person to person and lab to lab

• TMDP is expensive (and sometimes not available)

• Samples need to be relatively pure (free of ash, 
aldehydes, sugars, sulfur species, …)

• S and G condensed cannot be separated

Indulin AT (Lancefield, Bruijnincx et al. Chem Sci 2018) 



(Lignin) NMR: 31P NMR 

Nat Prot 2019, 14, 2627

J. Vis. Exp. (174), e62696



(Lignin) NMR: 19F NMR 

HO
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HO

HO
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OHO

Constant, Weckhuysen, Bruijnincx et al. ACS Sustainable Chem. Eng. 2017, 5, 965;
see also Lachenal et al. Holzforschung 2001, 55, 286

• Structure analysis: functional groups

• (Mw-dependent) insight into functional group 
density and type is essential for (mechanistic) 
understanding of lignin formation and 
properties and to guide further valorization



(Lignin) NMR: 19F NMR 

• d6-DMSO
• 4-(trifluoromethyl)phenylhydrazine
• Cr(acac)3 as relaxation agent
• IS: 1-methyl-4-(trifluoromethyl)benzene
• Little sample is needed and acquisition is 

relatively fast

But:
• Reproducibility needs careful attention
• Reactions are not as clean as with 31P 

reagent

Constant, Weckhuysen, Bruijnincx et al. ACS Sustainable Chem. Eng. 2017, 5, 965



(Lignin) NMR: 19F NMR 

Constant, Weckhuysen, Bruijnincx et al. ACS Sustainable Chem. Eng. 2017, 5, 965

• d6-DMSO
• 4-(trifluoromethyl)phenylhydrazine
• Cr(acac)3 as relaxation agent
• IS: 1-methyl-4-(trifluoromethyl)benzene
• Little sample is needed and acquisition is 

relatively fast

But:
• Reproducibility needs careful attention
• Reactions are not as clean as with 31P 

reagent



Lignin NMR: Opportunities Abound 

• 1D 1H and (quantitative) 
13C NMR

• Multidimensional NMR: 
TOCSY, HSQC(0), HMBC, 
HSQC-TOCSY, ….

• Heteronuclear NMR: 31P, 
19F, …
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Lignin: The Analytical Challenge

Analytical challenges in lignin valorization are manifold: 

§ Structure elucidation: what is (a technical) lignin?

§ Structure variation: crop, seasonal, process-
dependent variations in key lignin parameters

§ Structure dynamics: how do we get online/real time 
information on, e.g., depolymerization?

Rapid lignin analysis by ATR-IR



Lignin: The Analytical Challenge

Lancefield, Bruijnincx et al. ChemSusChem, 2019, 12,  1139
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§ Different botanical origin and 
refining technology give…

10 12 14 16 18 20 22 24 26 28 30

Elution Time (minutes)

N
o

rm
al

iz
ed

 A
b

so
rb

an
ce

 (2
8

0
 n

m
)

Crude
Mn = 1176, PD = 4.3

EtOAc
Mn = 631, PD = 1.5

5% MeOH/EtOAc
Mn = 657, PD = 1.2

10% MeOH/EtOAc
Mn = 793, PD = 1.5

20% MeOH/EtOAc
Mn = 1355, PD = 1.6

30% MeOH/EtOAc
Mn = 1853, PD = 1.7

100% MeOH
Mn = 2000, PD = 2.2

MeOH Insoluble
Mn = 3396, PD = 3.4

… structurally different technical 
lignins and lignin fractions 
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§ Sample load becomes an issue 

§ Rapid analysis by ATR-IR with chemometric 
analysis can reduce that heavy burden

Mw, b-O-4 
content, [OH] 
etc

GPC HSQC NMR 31P NMR
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Mw, b-O-4 
content, [OH] 
etc

GPC HSQC NMR 31P NMR

§ Previously: e.g., hydroxyl group content, S/G ratios,… 
of different technical lignins

§ Now expanded to linkage abundance and molecular 
weight information 

e.g., Boeriu, Gosselink, Ind. Crops Prod. 2004, 20, 205



Excellent prediction of: 
§ linkage abundance

Kraft Lignins as Showcase Sample Set: Linkage Abundance 
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§ molecular weight (Mn and Mw)

10 12 14 16 18 20 22 24 26 28 30

Elution Time (minutes)

N
o

rm
al

iz
ed

 A
b

so
rb

an
ce

 (2
8

0
 n

m
)

Crude
Mn = 1176, PD = 4.3

EtOAc
Mn = 631, PD = 1.5

5% MeOH/EtOAc
Mn = 657, PD = 1.2

10% MeOH/EtOAc
Mn = 793, PD = 1.5

20% MeOH/EtOAc
Mn = 1355, PD = 1.6

30% MeOH/EtOAc
Mn = 1853, PD = 1.7

100% MeOH
Mn = 2000, PD = 2.2

MeOH Insoluble
Mn = 3396, PD = 3.4

Lancefield, Bruijnincx et al., ChemSusChem 2019, 12,  1139



§ Quantification is comparable to 
standard GPC and HSQC NMR

§ When calibration set is in place, 
analysis of new samples is rapid and 
free of operator-bias

Rapid and Complete Lignin Analysis by ATR-IR



Lignin: The Analytical Challenge

Analytical challenges in lignin valorization are manifold: 

§ Structure elucidation: what is (a technical) lignin?

§ Structure variation: crop, seasonal, process-
dependent variations in key lignin parameters

§ Structure dynamics: how do we get online/real time 
information on, e.g., depolymerization?

Rapid reaction analysis by operando ATR-IR
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Khalili et al., Chem. Methods 2021, doi.org/10.1002/cmtd.202100041; ChemSusChem 2021, accepted
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